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\\“a matrix of switching elements featuring CdSe-based thin film transistors
and its implementation is explained in the context of three phases of
technical activity. The first 1s laboratory-scale verification,
followed by two distinct prototype production efforts, the second formu-

E lated to eliminate problems and build on experience derived from the

first. Both feature the so-called all-stencil mask approach wherein

the switching matrix circuit 1is developed from a series of sequential
vacuum depositions through metal aperture masks. All three program
phases provide. working displays featuring a powder phosphor medium

‘ whose operating temperature characteristics were markedly improved

‘. during the third program phase. Extensive and successful efforts
applied to transistor synthesis during Program Phase II resulted in
more than adequate and very reproducible transistor performance.
Transistor design could be further optimized, particularly in regards

to reducing the on-state impedance of the elemental power transistors. -

The assertion that CdSe transistors can indeed function x\\

satisfactorily in this application runs contrary to a widely held belief.
It rests, however, on the proviso that the matrix drive electronics be
carefully designed and operated to obviate the so-called "drift" phe-
nomenon by a scheme successfully reduced to practice during the subject
program. The conclusions from the four years of this activity are that
thin film transistor addressed displays will be manufactured in a
commercially competitive mode for special applications some time

during the next several years. The display medium will be thin film

electroluminescent phosphor and size and resolution will be limited to

about that reported here. However, the use of stencil masks in manu-
facture will be partly or wholly replaced by modern lithographic and
dry etching procedures. It appears likely that the first such produc-

tion displays will not use thin film transistor scanning and drive
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SUMMARY

The Manufacturing Methods and Technology Engineering program,
Contract DAAB-07-76-C-0027, was undertaken to develop and demonstrate a
first manufacturing technology for small, 256~character flat panel dis-
plays, of a type required for the Army's DMD (Digital Message Device),
based on an active-matrix addressed electroluminescent disblay previously
developed by Westinghouse Corporation along with Army support under
Contract DAAB07-72-C-0061.

Further aims of this program were to evaluate operating and
lifetime characteristics of the manufactured displays, their ability to
withstand specified envirommental conditions of temperature, humidity,
altitude, shock and vibration , and their readability under specified
lighting conditions. The manufacturing approach entailed manufacturing

thin-film-transistor (TFT) active circuitry on a glass substrate in a

single, computer-controlled pilot circuit fabrication facility, followed
by deposition of the electroluminescent phosphor as the light emitter,
and finally packaging or encapsulation. Because of size limitations of
the pilot manufacturing facility, the DMD display was designed as two
identical halves, which were then to be made individually in the auto-
mated machine and later assembled into a single DMD unit.

The TFT-addressed electroluminescent (or TFT-EL) displays of 1
the preceding program were made in the laboratory with manually-operated
vacuum systems using a variable-aperture mask system to define the various
thin film patterns deposited by evaporation through the mask onto the
glass substrate. In the early phases of the present program, while
"dedicated" aperture masks were being prepared for the pilot manufactur-
ing facility, several good quality prototype DMD TFT-EL displays (8 rows
of 32 characters) were made in the laboratory system and evaluated for 1 4

electro-optical performance and also for possible inclusion in a DMD

unit modified for the purpose by the manufacturer, Magnavox Corporation.




Necessary modifications included different mounting provisions and new
designs for the drive, logic, and power supply circuitry, since the TFT-
EL display has different electrical requirements than the currently-

! embloyed gas discharge display.

‘ ; After the complete new aperture mask set was installed in the

' pilot manufacturing unit, approximately 18 months were spent in making
several hundred circuits for 1/2-DMD panels and in attempting to solve
numerous problems associated with aperture masks, line anc spot defects
in the completed 1/2-panels, and machine performance. A considerable
effort was spent developing automatic probe testing apparatus for ex-
haustive testing of the display circuits, but probe scratches caused an

inordinate amount of circuit damage.

Concurrently with the development and improvement of the
manufacturing process, facilities were assembled and developed for the
life and environmental tests including temperature, humidity and
altitude chambers, ON-OFF panel exercisers, phosphor evaluation ovens
and excitation supplies, and a viewability exerciser. A new design of
TFT-EL panel drive electronics was breadboarded and evaluated, and a
limited effort on TFT scanner circuitry was conducted (later restricted
to a sister program on High Contrast Electroluminescent Displays,
Contract DAAB(Q7-77-C-2697).

From the 1/2-DMD panels made in this period, some fairly good
' DMD displays were assembled, two of which were delivered as engineering
samples with documented test data on viewability, contrast ratio, and

power dissipation.

et mts

Preliminary electro-optical, readability, life and environmen-
tal tests were performed on some of the other sample panels, although
several were ruined by high voltage transients in the newly-constructed

viewability exerciser. The cause of this destructive voltage transient

was found and corrected. During this manufacturing experience and from
'u these tests, fairly serious problems emerged with respect to phosphor

‘i lifetime at elevated temperatures, deleteriocus effects of high humidity
due to inadequate packaging and persistent spot defects and bus bar j

shorts and opens. Some of the latter could be treated by post-fabrication é

ii
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"surgery", but the need for basic improvement in the manufacturing
process was evident. The phosphor and packaging problems were attacked

by task force teams and notable advances were made in both problem areas.

In October, 1978 a program reorganization was inaugurated to
implement a program wind-down made necessary by Westinghouse management's
decision to discontinue all R&D efforts in active matrix-addressed flat
panel displays. At that time, a new assessment was made of the various
problems remaining in the pilot circuit manufacturing process. As a
result, a decision was made to use a basic cell redesign and greatly
simplified aperture mask set facilitated thereby in order to cut the per.
substrate process from a 4-hour, 13-mask, 43-step process to a 1 1/2-hour,

9-mask, 26-step process.

In spite of the very short time remaining in the program, these
changes were effected, new design 1/2 DMD circuits were manufactured
and tested, and approximately 10 DMD displays were assembled, 8 of which
were delivered at the program conclusion. The improved process included
a bus bar mask and process redundancy strategy that greatly reduced bus har
opens previously the most prominent and most difficult to repair fault -

and resulted in several circuits with zero bus bar opens. The new cir-

cuit design provided multiple and distributed test structures with test
probe landing pads that permitted the previously developed automatic H
probe test unit to be used. In addition, an automatic bus short tester

was designed and used, as well as inspection and measurement jigs to

quickly determine coordinates of faulty elements for ease in excision of

permanently ON elements.

The net result of these process improvements was a substantial
galn in basic quality of circuits made in the pilot manufacturing facil-
ity, but the little time remaining in the program - less than one month -~
and the small crew operating the facility (2) did not permit an effective
shakedown phase. Nevertheless, the participants in this final phase
shared a conviction that the rate of panel improvements, given a few more
months of operation, would have resulted in a production capability which,

though rather slow, would have yielded high-quality, low-defect circuits. ?
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When this program was first formulated, it was based on two

fundamental concepts relating to the device and its manufacture. The
first was the concept of a matrix of active, light-emitting pixels con-
trolled by a network of switching elements distributed over the viewing
surface. The second was synthesis of network circuitry by stencil masking
of sequential depositions. If the result of our subsequent technical
activity could be summarized in a single statement, it would emphasize
reaffirmation of the active matrix concept but rejection of the all-
stencil mask approach to manufacturing. Several years ago, one could
plausibly argue that the automated all-vacuum sequential-deposition
approach to manufacturing was so much more favorable than the hybrid
lithographic-stencil path, for example, because of the labor-intensive
features and all the equipment and other paraphernalia one saw on a
typical silicon line. However, not only has the size of silicon used

in manufacturing increased to 5" diameter, but the trend towards automa-

ted wafer~handling equipment to provide metal patterning from deposition A
to lift-off is accelerating. Future efforts in that area of manufac- 1
turing matrix-addressed displays should take advantage of silicon VLSI
technology, not only in manufacturing but also in design concepts such

as fault-tolerance, and extending even to through-the-substrate con~ :

o

tacting, taking advantage of highly directional techniques of reactive

ion etching.

Within the scope of this program and the all-stencil mask ap-

proach, we have determined that the greatest weakness was perhaps failure

to recognize and properly to provide for the transistor interconnect 3
problem. The ability of the CdSe thin film transistor to do the job
required of it was convincingly demonstrated. Certainly, these devices
drift in the conventional sense and in no way could one fabricate with
them a 16-bit single chip microprocessor. That, however, is not the
point. We have shown that properly matching the matrix drive circuitry 4
design to transistor performance, certainly no insurmountable problem in

these days, renders the so-called drift problem inconsequential. The

B Sirh i

first commercially and militarily viahble solid state displays remain most
likely to be matrix-addressed, probably by thin film transistors, featur-
ing the thin film electroluminescent phosphor, the silicon drivers, and

fabricated by a hybrid lithographic-stencil process.

iv
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i
4.11 Dimensions relative to mask construction and vacuum 149 :

system installation.

. 4,12 General conceptualization of thin film pattern cross 151

} section as five separate layer grouping. :

r ‘

% 4.13 Bus-bar visualization for old layout. 153 s

5 i
4.14 Bus-bar visualization for new layout (see also 154 !

Figure 7.1).
4.15 Artwork of the elemental circuit of the new design. 156

f 4.16 Level 1 of the new pattern; horizontal bus-bar 157
(gate and ground interconnect segments). Together

with levels 2 and 3 (Figures 4,17 and 4.18), this

constitutes each of the outermost gate and interconnect
layers of the scheme shcwn in Figure 4.12.

4.17 Level 2 of the new pattern; completes horizontal 158
bus-bar pattern and provides non-crossover segments
of vertical bus-bar pattern. Together with levels 1
and 3 forms the outermost layers shown in Figure 4.12.

PP —

) 4.18 Level 3 of the new pattern; adds transistor gates and 159
] i capacitor ground plates to levels 1 and 2 to complete
] outermost layers of scheme shown in Figure 4.12.

4.19 Insulator pattern on level 4. 160

4.20 Gold source drain pattern on level 5 of the new design; 161
the first component of the "active layer" in Figure 4.12.

4.21 Level 6 of the new design; second component of the 162
active layer in Figure 4.12. We had originally hoped
and later found it possible, to make these transistor
and capacitor interconnects and vertical bus segments
from nickel instead of copper, as in the old design.
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4.22

4.23

4.24

4.25

4.26

4.27

4,28

4.29

4.30

4.31

4.32

4.33

Level 7 of the new design; third component of the
active layer of Figure 4.12 contributing the
capacitor center "hot" plate providing essential
electrical continuity from the logic transistor drain
to the power transistor gate.

Level 8 of the new design; CdSe semiconductor for
the logic and power transistors.

Level 9 of the new pattern design for differential
doping of the power transistor. With levels 5 through
8, this completes the active layer of Figure 4.12.
(This was the mask we were later able to discard.)

Level 10 of the new pattern on a larger scale contribut-~
ing circuit contact pads only. This mask does not
contribute to any of the layers shown in Figure 4.12.

Composite pattern generated by superposition of
levels 1 through 10 in Figures 4.16 through 4.25
illustrating strategically located test transistors
and bus-bar test pads.

Location of targets, alignment squares, check squares
and nomenclature relative to thin film circuit
artwork of the drawing.

The alignment square array incorporated into the
artwork at locations shown in Figure 4.18 for the
purpose of expediting mask alignment and later for
checking in-process mask~to-substrate registration.

The target patterns used to facilitate photoplate
alignment during assembly of the tooling. Locatiomns
on artwork are specified in Figure 4.18.

Mask identification inscriptions - "nomenclature"
(refer also to Figure 4.18).

The check square pattern used to provide early
detection of the most common mode of pattern
generator malfunction (refer also to Figure 4.27).

Gross breakdown of tasks involved in photoplate
generation.

Right and reverse reading polarities of the defining
side and relief side drawings and text.
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4.35

4.36

5.1

5.2
5.3
5.4
5.5
5.6
5.7
5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

Four-character version of existing bus-bar

scheme -- new pattern design (refer also to

Figure 4.5).

An alternative bus-bar scheme derived by additions
to the existing pattern. This would render bus-bar
defects (opens and shorts) inconsequential if
maintained at their recent density.

Resolution of Type 4 bus-bar defect (source-to-ground
short) with the bus-bar scheme shown in Figure 7.2,

Basic features and configuration of the Automatic
Vacuum System.

The Automatic Vacuum Deposition System.
The main control panel and computer.
The magnetic clamping fixture.

Recipe No. RM4022.

Recipe No. RM4042.

Recipe No. RM3273.

The layout featured in Phase II.

Materials used in the fabrication of the Phase II
pattern.

Example of nickel fiber spanning bus-bar mask
aperture causing open circuits.

Open bus-bars caused by scratching during post-process
handling.

Open bus-bar believed due to loose flake of material
of undetermined origin resting on a mask thereby
blocking an aperture,

"Rabbit Track" defects affecting metal capacitor
plates.

A typical bus-bar crossover short before and after
clearing.

Aluminum/nichrome-gold interface showing no corrosion
effects after annealing.
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| 5.16 Panel legibility degradation due to contamination 225

| of unformed bus-bars with "aluminum underspray".

‘ 5.17 Poor legibility due to power transistor "collapse". 227
5.18 The collapse phenomenon at the device level; 228

source-drain current-voltage characteristics before
and after "collapse'".

5.19 The "Standard Recipe" in use prior to the resolution. 229

5.20 Cross section of the double layer gate insulator - 231
configuration.

5.21 Identification of components of the 'double layer' 231
gate insulator.

5.22 Recipe No. RM3242. 236

5.23 The fully assembled display constructed from 238

circuits fabricated during Program Phase II.

5.24 Schedule of major events during Program Phase III.

5.25 Recipe 4022 providing differential doping in circuit
: 124-3 (line 1, Table 5.4.14).

5.26 Recipe 4012 adopted as "standard" after acquisition
of new Kovar masks.

' 5.27 Provisional common transistor recipe 4021.
5.28 The unprecedentedly short, 22 step, 2 hour
process 4041 featuring elimination of wait-steps
adopted as standard through the termination of the

program.

. 6.1 Disconnectiont of the logic transistor source at C
A to correct for source to gate shorts at point A.

6.2 Basic features of the layout used in program
Phase III with no provision for fault tolerance.

6.3 Electroglass model 1034X wafer probe.

| 6.4 An example of computer-generated defect mapping
of gate bus discontinuity.
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6.5

6.6

6.7

6.8

6.9
6.10
6.11

6.12

6.13

6.14

6.15

6.16

6.17

Example of a computer generated defect frequency
distribution of source bus local impedance.

(A) Cover sheet of form set used for ready
appraisal of state of evaluation.

(B) Format used for recording source bus
continuity.

(C) Horizontal (gate and ground) bus continuity
coding sheet.

(D) Form for recording inter bus-bar short circuits
from the automatic short tester.

(E) Transistor test data sheet.

(F) Repair analysis chart for mapping defects.

(G) Repair schedule developed from defect map on
repalr analysis chart.

(H) Coding sheet for 1it display test message.

(1) Viewability test sheet.

The custom designed and built DMD half-display
circuit short tester.

The electrical schematic of the custom designed
automatic short tester.

Cover sheet for test docket of circuit 9-151-4.

Results of post-anneal short test of sample 9-151-4.

Example of circuit/substrate identification.

Bus-bar addressing scheme 8x 16 character half-
display circuits.

Precise location of short S15.4, G2.2.

Example of how a "ghost" Type V (see Table 6.1)
defect appears at S1.2, G2.5 as a consequence of
an actual Type V defect S83.3, G2.5 and actual
Type IV defects at S1.2, Cl.6 and S3.3, Cl.6.

Method of testing for source bus continuity using
the Electroglas prober.

Some possible response sequences for first four
probe settings in source bus continuity test.

Decoding Case 3 responses in Figure 5.12 indicating
source bus-bars 1.3 and 1.5 are open.
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6.21

6.22

6.23
6.24
6.25
6.26

6.27

6.28

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10

7.11

Actual post-anneal source bus continuity test
for circuit 9-151-4.

Gate bus open test results for sample 9-151-4.
Ground bus open test results for sample 9-151-4.

Basic features of the layout used in program
Phase III with no provision for fault tolerance.

The special test transistor layout featured at 105
locations in the new pattern design.

Actual transistor test data for sample 9-151-4.

The defect repair schedule for sample 9-151-4.

The defect map for sample 9-151-4 prior to any repair.

Completed viewability test sheet for circuit 9-151-4.

The message coding to demonstrate the viewability of
the phosphor dot matrix driven by circuit 9-151-4.

Procedure used to clear very local shorts at bus-bar
crossovers.

The photoresist laminator.

The exposure unit.

The developer.

Riston application flow chart.

Phosphor screening flow chart.

Top electrode application process.

Second level concept for increased lit area.
Overhung aperture in second level process.
Actual second-level electrode pads.

Second-~level operation.

"Postage Stamp' test vehicle fabrication and
structure.
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7.12 Typical behaviors of the Westinghouse phosphor 369

under 100 Vrms constant excitation and 50-72°C.

7.13 Typical curve of voltage versus time at constant 370
brightness for a powder phosphor lamp.

7.14 The phosphor maintenance test sheet into which 373
voltage ratcheting test data was entered in the
laboratory.
. 7.15 Example of the graphical output and numerical 374

analysis of the computer-based software package
written to support the phosphor maintenance
investigation (refer also to Figure 7.14).

7.16 Westinghouse Phosphor 9045-B under life test at 375
constant voltage and elevated temperature prior to
program activity.

7.17 Postage stamp Sample 589-1 which served to relieve 378
the phosphor proper as a limiting factor in display
maintenance at 72°C.

7.18 Logarithm of ratcheted voltage versus square root 385
of time in dry box life testing at 72°C.

7.19 Comparison of the geometry and gross features of 387
plastic-phosphor systems provided by the brushing
and spraying techniques.

7.20 The "ideal" powder phosphor layer structure. 389
7.21 The limiting configuration for ultra low 390 ]
threshold voltages.
7.22 Typical behavior of threshold voltage with aggregate 391
binder thickness (weight). {
7.23 Computer analysis of life testing data for postage 395

stamp Sample No. 570-2 participating in Experiment 1
on 72°C phosphor life in vacuum and listed in Table 7.3 :

7.24 Computer analysis of life testing data for postage 396
stamp Sample No. 574-2 participating in Experiment 1
{ on 72°C phosphor life in vacuum and listed in Table 7.3.

K.
‘ 7.25 Computer analysis of life testing data for postage 397
; stamp Sample No. 575-1 participating in Experiment 2

on 72°C phosphor life in vacuum and Jisted in Table 7.3.
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7.26

7.27

7.28

7.29

7.30

7.31

7.32

7.33

7.34

7.35

7.36

7.37

Computer analysis of life testing data for postage
stamp Sample No. 575-6 participating in Experiment 2
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage
stamp Sample No. 576-1 participating in Experiment 3
phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage
stamp Sample No. 576-2 participating in Experiment 3
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postagé
stamp Sample No. 576-3 participating in Experiment 3
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage
stamp Sample No. 576-4 participating in Experiment 3
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage stamp
Sample No. 576-5 participating in Experiment 4 on
72°C phosphor 1life in vacuum and listed in Table 4.3.

Computer analysis of life testing data for postage
stamp Sample No. 576-~6 participating in Experiment 4
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage
stamp Sample No. 576-7 participating in Experiment 4
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage
stamp Sample No. 576-8 participating in Experiment 4
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage
stamp Sample No. 577-1 participating in Experiment 5
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage
stamp Sample No. 577-2 participating in Experiment 5
on 72°C phosphor life in vacuum and listed in Table 7.3.

Computer analysis of life testing data for postage

stamp Sample No. 589-2 participating in Experiment 6
on 72°C phosphor life in vacuum and listed in Table 7.3.
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7.38 Behavior of 72°C maintenance versus initial 411

threshold voltage for three sample classifications
shown in Table 7.3 during in-vacuum life testing.

7.39 72°C initial threshold voltage versus total plastic 412
thickness for three sample classifications shown
in Table 7.3.

7.40 Observed variation of maintenance at 72°C in vacuum 413
‘ for three classifications of samples shown in
Table 7.3.
7.41 Variation of threshold voltage with top electrode 414

sheet resistivity (refer to Table 7.3).

7.42 Variation of maintenance with top electrode sheet 415
resistivity (refer to Table 7.3).

7.43 Preliminary simulation of display behavior with 421
respect to maintenance at 72°C using materials and
techniques as practiced during program Phase II.

7.44 Further preliminary 72°C air testing of postage stamps 422
featuring program Phase II state-of-the-art phosphor
application and encapsulation techniques.

7.45 Life testing analysis of sample Number 568-6 listed in 425
Table 7.4, constituting the first encapsulation
experiment. Sample confgiruation is Stycast
encapsulant with no edge seal. Sample had cover glass
' and was tested in 72°C vacuum.

7.46 Life testing analysis of sample Number 568-3 listed in 426
Table 7.4, constituting the first encapsulation
experiment. Sample configuration is Stycast
encapsulant and polysulfide edge seal. Sample had |
cover glass and was tested in 72°C vacuum.

7.47 Life testing analysis of sample Number 566-4 listed in 427
| Table 7.4, constituting the first encapsulation
i experiment. Sample configuration is no encapsulant
\ and polysulfide edge seal. Sample had cover glass and
was tested in 72°C vacuum.

7.48 Life testing analysis of sample Number 568-7 listed in 428
b Table 7.4, constituting the first encapsulation

experiment. Sample configuration is Stycast

encapsulant and no edge seal. Sample had cover glass

and was tested in 72°C air.
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7.49

7.50

7.51

7.52

7.53

7.54

7.55

7.56

7.57

Life testing analysis of sample Number 568~8 listed
in Table 7.4, constituting the first encapsulation
experiment. Sample configuration is Stycast
encapsulant and no edge seal. Sample had cover glass
and was tested in 72°C air.

Life testing analysis of sample Number 568-4 listed
in Table 7.4, constituting the first encapsulation
experiment. Sample configuration is Stycast
encapsulant and polysulfide edge seal. Sample had
cover glass and was tested in 72°C air.

Life testing analysis of sample Number 568-5 listed
in Table 7.4, constituting the first encapsulation
experiment. Sample configuration is Stycast
encapsulant and polysulfide edge seal. Sample had
cover glass and was tested in 72°C air.

Life testing analysis of sample Number 566-3 listed
in Table 7.4, constituting the first encapsulation

experiment. Sample configuration is no encapsulant
and polysulfide edge seal. Sample had cover glass

and was tested in 72°C air.

Life testing analysis of Sample 575-7 listed in

Table 7.5 describing the second encapsulation experi-
ment. Encapsulant is predried Stycast with 28%
hardener with cover glass. Ambient is 72°C vacuum.

Life testing analysis of Sample 575-3 listed in

Table 7.5 describing the second encapsulation experi-
ment. Encapsulant is predried Stycast with 20%
hardener with cover glass. Ambient is 72°C vacuum.

Life testing analysis of Sample 575-9 listed in

Table 7.5 describing the second encapsulation experi-
ment. Encapsulant is predried Silicone RTV with
cover glass. Ambient is 72°C vacuum.

Life testing analysis of Sample 575-2 listed in
Table 7.5 describing the second encapsulation experi-
ment. Encapsulant is predried Stycast with 20%

hardener with no cover glass. Ambient is 72°C vacuum.

Life testing analysis of Sample 575-8 listed in
Table 7.5 describing the second encapsulation experi-
ment. Encapsulant is predried Stycast with 207%

hardener with no cover glass. Ambient is 72°C vacuum.
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7.58

7.60

7.61

7.62

7.63

7.65

Page

Life testing analysis of Sample 575-4 listed in 440
Table 7.5 describing the second encapsulation

experiment. Encapsulant is predried Silicone RTV

with no cover glass. Ambient is 72°C vacuum.

Computer analysis of performance of Silicone RTV 446
encapsulated Sample No. 577-3 featuring cadmium

fluoride top electroding. Sample participated in

third encapsulation experiment described in Table 7.8.

Computer analysis of performance of Silicone RTV 447
encapsulated Sample No. 577-4 featuring cadmium

fluoride top electroding. Sample participated in

third encapsulation experiment described in Table 7.8.

Computer analysis of performance of postage stamp 448
test device 583~1, the first of three Silicone RTV

and cover glass encapsulated units life tested in

vacuum at 72°C in the fourth and final encapsulation

test, illustrated in Table 7.10.

Computer analysis of performance of postage stamp 449
test device 583-2, the second of three Silicone RTV

and cover glass encapsulated units life tested in

vacuum at 72°C in the fourth and final encapsulation

test, illustrated in Table 7.10.

Computer analysis of performance of postage stamp 450
test device 583-3, the third of three Silicone RTV

and cover glass encapsulated units life tested in

vacuum at 72°C in the fourth and final encapsulation

test, illustrated in Table 7.10.

Computer analysis of performance of postage stamp 451
test device 583-4, the first of three Silicone RTIV

and cover glass encapsulated units life tested in

air at 72°C in the fourth and final encapsulation

test, illustrated in Table 7.10.

Computer analysis of performance of postage stamp 452
test device 583-5, the second of three Silicone RTV

and cover glass encapsulated units life tested in

air at 72°C in the fourth and final encapsulation

test, illustrated in Table 7.10.

Computer analysis of performance of postage stamp
test device 583-6, the third of three Silicone RTV
and cover glass encapsulated units life tested in
alr at 72°C in the fourth and final encapsulation
test, illustrated in Table 7.10.
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7.68

7.69

7.70

7.71

7.72

7.73

7.74

7.75

7.76

7.77

7.78

7.79

Impact of postage stamp fabrication parameter on
72°C maintenance for cadmium fluoride electrode bases.

Variation of maintenance with total plastic binder
weight for postage stamps indicated under 72°C life
testing in third and fourth encapsulation tests. All
devices feature CdF top electrode base, phosphor
application by brushing, and CE:PVA binder.

Computer analysis of life testing of postage stamp
Device No. 589-7 in an experiment to determine effect
of ambient temperature on maintenance.

Computer analysis of life testing of postage stamp
Device No. 589-8 in an experiment to determine effect
of ambient temperature on maintenace.

Computer analysis of life testing of postage stamp
Device No. 589-9 in an experiment to determine effect
of ambient temperature on maintenance.

Computer analysis of life testing of postage stamp
Device No. 589-3 in an experiment to determine effect
of ambient temperature on maintenance.

Computer analysis of life testing of postage stamp
Device No. 589-4 in an experiment to determine effect
of ambient temperature on maintenance.

Computer analysis of life testing of postage stamp
Device No. 589-5 in an experiment to determine effect
of ambient temperature on maintenance.

Computer analysis of life testing of postage stamp
Device No. 589-6 in an experiment to determine effect
of ambient temperature on maintenance.

Waveform used to test luminance vs brightness of the
new powder phosphor layers in a mode planned for the

new exercisers.

Powder phosphor performance as a function of sinusoidal
frequency and voltage (first of two samples).

Powder phosphor performance as a function of sinusoidal
frequency and voltage (second of two samples).

Behavior of maintenance with excitation voltage fre-
quency at 72°C.
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8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8
8.9
8.10
8.11
8.12
8.13
9.1

9.2

9.3

9.4

Waveform used to test brightness versus peak-to-peak
voltage for two samples in the burst waveform mode.

Location of Equipment for Spraying the DMD Panel

Process time and flow information.
Thread-up diagram.

Process time and flow information in Riston
lamination.

Photocopy of Mask 13 insulator photomask used in
exposing Riston on DMD panels.

Process time and flow information for Riston exposure.

Process time and flow information for Riston
development.

Process time and flow information for vacuum bake.

Application of double adhesive tape to back cover
glass.

Panel abuttment and alignment.

Proper alignment vs misalignment of panels.
Back cover application.

Application of Teflon tape to edge contacts.
Packaging fixture.

DMD package.

Typical TFT-EL display cell waveforms.

TFT-EL display waveforms with square wave
EL excitation.

First alphanumeric exerciser showing keyboard and
early TFT-EL display.

Logic block diagram of first TFT-EL display
exerciser.
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9.6

9.7
9.8
9.9
9.10

9.11

9.12

9.13

9.14
9.15
9.16
9.17
9.18
9.19
9.20
9.21

9.22

9.23

9.24

9.25

Row and column driver circuits for first alpha-
numeric TF-EL display exerciser.

Viewability test setup, with DMD panel in test
fixture, exerciser, and keyboard.

Viewability test system, block diagram.
Viewability exerciser, control panel.

DMD panel test fixture, rear view.
Viewability exerciser, detailed block diagram.

Viewability exerciser - logic circuit board (timing
and control, interface, memory, pattern generator).

Viewability exerciser ~ scanner circuit board.

(a) AC supply for EL phosphor.
(b) Operating waveform.

AC power meter - basic design.

AC power meter circuit board.

ON-OFF exerciser, control panel.

ON-OFF exerciser, block diagram.

ON-OFF exerciser - source-gate timing waveforms.
ON-OFF exerciser, logic and AC supply board.
ON~OFF exerciser, DC power supply board.

Panel mount, ON-OFF exerciser.

EL excitation, gate bus and source bus waveforms
for stabilizing TFT operation.

MLDS demonstration set.

Timing of EL excitation and logic operations to
minimize interrogance beebers.

TFT-EL Panel with stored TV frame.

xx1i

541
543
546
547

549

550

551

553
554
557
558
561
562
563

564

566




—— -
¢ ﬂ
t
i
| 1
Figure Page
| 9.26 New DMD exerciser - block diagram. 573 ?
! 9,27 New DMD exerciser, breadboard model. 574
{ 10.1 Viewability data with old exerciser. 589 ;
10.2 Viewability of DMD substrates before and after 591 :
encapsulation.
; 10.3 Substrate matching by bias settings or brightness. 593
i ) 10.4 Packaged DMD appearance. 594
10.5.1 Viewability of packaged and delivered DMD panels. 596
10.5.2 Viewability of packaged and delivered DMD panels. 597
10.5.3 Viewability of packaged and delivered DMD panels. 598
10.5.4 Viewability of packaged and delivered DMD panels. 599
10.5.5 Viewability of packaged and delivered DMD panels. 600
10.6 Environmental test schedule for preliminary and final 602
testing of confirmatory samples in 1978.
10.7 DMD panel, No. 18, subjected to altitude test. 604
10.8 Setup for viewability testing. 607

10.9 Typical test results printout, DMD viewability test. 609
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Power transistor characteristics for circuit number
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Power transistor characteristics for circuit number
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1. INTRODUCTION

1.1 Purpose of the Program

The work conducted under this program served two purposes: the
first was the response of Electronics Research and Development Command
(ERADCOM), U.S. Army, to the Science and Technology Objectives Guide
issued by the Office of the Chief of Staff of the Department of the
Army. The second was Westinghouse's own intention to develop commer-

cially the Thin-Film Transistor Display technology which had been

pioneered in-house during the nineteen sixties. Accordingly, the
program was jointly funded and directed principally at establishing
manufacturing methods for the display component rather than intensive |
device development itself. Since this final report has been prepared
by Westinghouse to meet requirements of its contract with the Army,
the statement of program purpose which follows relates primarily to

military rather than to commercial aspects.

The general need for new solid-state display components to
meet future Army requirements was established by several directives.
The first was to develop an effective and reliable automated system
to allow for the integration and capability enhancement of a new genera-
tion of computer systems; in particular, the development of a family
of intelligent terminals, display, and associated peripheral equipment
for the enhancement of the input, storage, display, retrieval, proces-
sing, and output of digital (alphanumeric and graphic) information. A
second directive was to develop a near real-time capability for tramns-
mission of Missile Control and Guidance outputs in imagery and graphical
formats to maximize Electronic Counter Measures capability. This involves

hardware and software to convert imagery obtained from reconnaissance into




digital format, transmission of new data via telemetry to a receiver,

and reproduction of the imagery for immediate interpretation and use.
Equipment requirements for tactical Command, Control and Communications
reliability, operability and flexibility were stated to include suffi-
clent terminals to provide input/output capability at every level as re-

quired by the Commander.

In particular, the Science and Technology Objectives Guide
directs the development of graphical devices throughout the fire support
system that will interface with command and control devices in both fire

support and maneuver communications. Some examples of applications are:
¢ hand-held ground surveillance radar
e tactical air data overprints for aviation maps

e readout capability for satellite-derived imagery in

the tactical area

e technical and instructional documentation structuring,

storage, retrieval and editing.

The last application mentioned above includes the evaluative

use of ARTADS equipment such as the Digital Message Device (DMD). The

specifications for the display component of this hand-held battlefield-
integrated command and control terminal was responsible for the final
form of the present program. The existing DMD configuration is shown in
Figures 1.1 and 1.2. This is a reproduction of a brochure prepared by
the Sensor and Signal Processing Division of the Magnavox Corporation
which, under contract, produced such units earlier developed by the

Army ARTADS organization.

Operating versions of the DMD presently feature the Burroughs

"Self Scan" DC gas discharge display panel. Operationally, this com-

ponent renders it very easy to initiate a light-emitting discharge at

a second point in the panel in the immediate vicinity of a first dis- .
charging point. The Self-Scan panel utilizes this effect by incorporat-

ing a multiphase clock producing a sequence of voltages to propagate a
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scan-glow across the display.(l) The full operation has been explained

in the literature.(z)

While the Burroughs panel met some critical requirements of the
DMD which were not attainable by CRT technology, ERADCOM has determined
that the relative fragility, high weight, and power demand of this gas
discharge panel makes pursuing alternative display concepts highly desir-
able. 1In particular, the Westinghouse Thin-Film Transistor Addressed
Electroluminescent Display technology seemed to have the potential of
combining both reduced weight and power consumption with extraordinary
rigidity. Unlike the situation with the Burroughs panel, héwever, the
Westinghouse unit had never been made in any quantity. In fact, one

could argue that it had previously only demonstrated an intriguing level

of performance after each unit had been coaxed through the laboratory in
a very labor-intensive process. Table 1.1 purports to show these and
other aspects of the differences between the Burroughs and potential

TFT-electroluminescent panels.

Against this background, the purpose of this program may be
briefly stated as the development of Manufacturing Methods and Techno-
logy Engineering for a Thin-Film Transistor Addressed Electroluminescent

Display which is, accordingly, the formal title of the program.

1.2 The Flat Panel Concept

By default, any display component which is not a cathode ray
tube seems to have been assigned the description of "flat panel," and,
of course, the TFT-addressed display, be the display medium electrolumi-
nescent phosphor, liquid crystal, or whatever, is included in this broad
description. As their name suggests, flat panels are geometrically
plane and rectangular. They are also "thin" in the sense that their
dimension in the direction of viewing is substantially less than that

normally required for the neck and gun assemblies of conventional

cathode ray tubes. However, the semantics have been aomplicated by the rela=-
tively recent development of so-called "Flat CRTs' by both U.S. and foreign
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organizations. N.H.K. (Japan Broadcasting Corporation) Technical
Research Laboratories in Tokyo has been, for some time, developing a color
TV display system incorporating planar positive~column cells. Texas
Instruments of Dallas has also developed a flat CRT capable of producing
full color by using multiple electron beams generated from an area
cathode and then formed and digitally addressed by a switching stack.(3)
However, for the purposes of comparing flat panel and CRT displays for
tactical systems, the flat CRTs probably better fit the Cathode Ray Tube
category shown in Table 1.2, This analysis emphasizes the importance of
developing alternative display devices for applications such as the DMD

and the manufacturing methods necessary for their production in meaning-

ful quantities.

All flat panel display technologies, unlike the CRT alterna-
tive, feature the addressing of a so~called matrix of pixels. A pixel
can be a two-terminal device which responds optically to electrical
signals. The matrix is geometrically regular in the X and Y directions,'
perpendicular to normal viewing. In the (horizontal) X-direction, a
row of pixels all have a common first terminal. Each pixel is connected
by its second terminal in common with those of other pixels in the same
column in the (vertical) Y-direction. Through such a connection each

pixel receives video information as shown in Figure 1.3.

In principle, matrix addressed display panels can be classified
and characterized according to the display medium which transforms elec-
trical signals impressed on the lines (''bus-bars") into imagery. Com-
parative characteristics of the leading contenders for flat panel display
purposes are shown in Table 1.3. Here we observe the apparent desirabi-
lity of the thin-film electroluminescent display medium. The characteris-
tics listed in Table 1.3, therefore, determined to a large extent the
nature of the component with which this program was concerned. However,

selection of display medium was not the only consideration.

All the display media listed in Table 1.3 can, in principle, be

driven either by a so-called "passive" or an "active'" matrix. The passive




TABLE 1.2 COMPARISON OF FLAT PANEL AND CRT
DISPLAYS FOR TACTICAL SYSTEMS

FLAT PANEL

Needs Development

Wide Tactical Applicability
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Display including Drivers, on the
Order of 10W

Sunlight Legibility possible with
TFEL and black layer

Parallel Data Input

Interfaces easily with digital
systems

CATHODE RAY TUBE

Mature Technology

Not practical for portable and
handheld applications due to tube
depth and the weight of bulb and
deflection hardware.

Power consumption including high volt-
age, deflection and filament, greater

than 100W

Requires high brightness tube and
filters resulting in low reliability

Serial input at 60 Hz refresh rate
requires complex interface.
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TABLE 1.3 COMPARISON OF CONTENDING
DISPLAY MEDIA FOR
SOLID STATE FLAT PANELS

; Thin Film Liquid | Plasma {Electro-|Electro-
: Electroluminescence| Crystal| Panel |chromic |phoretic| LED
X State of Limited Limited| Avail- In In Somewhat
? Development| Availability Avail. able? |Research|Research|Available
Sunlight
Legibility good good marginal good good poor
Power very very very
Consumption] 1low low high low low high
Operating very low
Temperature] Full Military limited|temp. unknown |unknown |high temp.
Range limit cycling
limit
Ruggedness Excellent limited|poor unknown |unknown |excellent
|
&
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matrix is essentially that depicted in Figure 1.3. The pixels therein
are strictly two-terminal devices and energy consumed by optical emis-
sion is delivered entirely by the bus-bar system. The operation features
line-at-a—~-time addressing wherein video for a row of pixels is simul-
taneously dumped onto all vertical lines as the appropriate horizontal
line is addressed. Sequential scanning of all horizontal lines coupled
with appropriate and timely impression of video signal levels on the
vertical lines synthesizes the required image. This is, of course,
provided that all lines are properly electrically isolated and that the
frame rate is fast enough in relationship to some memory capability of

the pixels.

In the active matrix version of any display medium, the pixel
structure is more involved, consisting essentially of the passive pixel
in series with some kind of electrically alterable impedance at each
picture point. The active pixel is thus generally a four-terminal
structure. A comparison between the two types is shown in Figure 1.4,
This diagram attempts to show how, in the active version, the WRITE
operation, which sets the impedance level, responds to the video signal,
on the column bus-bar, only when the switch is closed by the row bus-bar.
Although the active pixel is more complex, we shall now see why it has
something special to offer in terms of display performance and, conse-
quently, why Westinghouse thin-film transistor technology was featured
in this program. These arguments do not hinge exclusively on the selec-
tion of thin-film electroluminescent phosphor as the display medium but

are, nonetheless, slanted with this in mind.

The most commonly quoted advantages of the active matrix con-

cept as far as display performance is concerned relate to:

luminance
power consumption
resolution

drive circuit complexity

data refresh rate.

11
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All of these factors are extremely important in the military field appli-

cations discussed previously in Section 1.1. We shall now elaborate on
each in turn vis-a-vis the potential advantages of the active matrix.
During the discussion, however, we shall consider only the basic passive
matrix wherein all lines, both vertical and horizontal, are continuous.
There exist concepts of passive matrices wherein the aggregate display

is assembled from basic passive modules exemplified in Figure 1.5. While
this does alleviate some of the demands on the display such as luminous
efficiency brightness, refresh rate, etc¢., there is a rather low limit

to the extent such trickery can be practiced in the passive display.

Luminance. In a basic passive display having N rows, each line

is driven with a 1/N duty cycle. Effective display luminance is thus

proportional to 1/N times the average pixel luminance while it is being
driven, unless the display medium itself has some kind of inherent memory. !
While electrophoretic passive pixels for example do indeed possess this ‘
facility, electroluminescent phosphors generally do not. They certainly

do not to the extent that can be provided by memory which can be built 4

into the active matrix pixel, effectively to "lock' the variable impe-
dance (shown in Figure 1.4) at a fixed level between refreshes. An
ability to write a particular impedance level in and sustain it for a
frame time means that the light emitting elements can be driven with a
100% duty cycle. This in turn provides display luminance not 1/N but

unity times the pixel luminance.

It follows that, all other things being equal, lower drive vol-
tages to power light emission can be emploved generally resulting in
higher reliability. Alternatively, at given allowed drive voltage levels,

active panels can be viewed effectively in higher brightness ambients.

Power Consumption. Within the scope of existing technology,

power consumed in the drive electronics for passive paunels typically ex-
ceeds several times the limiting system dissipation as determined by the
display medium. This is due to the requirement to switch power from line

to line. On the other hand, only signal level power is switched in the

13
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active matrix making it possible to approach conditions wherein system
power is that of the display medium itself. This consideration is par-

ticularly important for battery-powered portable systems such as the DMD.

Resolution. For given display dimensions, maximum row resolu-
tion is limited not only by average luminance, which is proportional to
1/N, but also to tolerance to crosstalk, which is proportional to N.
Since in active matrices neither row resolution nor crosstalk are depen-
dent on the number of lines, high resolution formats with row counts

exceeding 500 lines, for example, become feasible.

Drive Circuit Complexity. To operate an MxN passive pixel

matrix, drive level voltages of typically 100 - 200V must be applied to
M+N inputs making extraordinary demands on conventional integrated
driver technology. In the case of the active matrix, drive voltage can
be applied to a single pair of terminals and only signal level voltages
need be applied to the MHN inputs. Since overall system cost and com-
Plexity is heavily weighed by the driver component, these system charac-
teristics can be favorably and substantially affected by featuring the

active version of the matrix.

Data Refresh Rate. The minimum refresh rate to avoid observer

perception of flicker in a passive panel is about 30 Hz, regardless of
the animation rate of the image. Thus, an MxN passive matrix display
requires a minimum of 30xMxN data bits per sec. A higher rate may be
required to achieve sufficient brightness. Even in the case of an ani-
mation rate of 6 Hz for dynamic images, the 100% effective duty cycle of
active matrices (with pixel memory) requires a refresh rate of only
6xMxN data bits per sec. For static images, the refresh rate for active
matrices is limited only by the pixel memory itself. Pixel memories of
one second or more are now achievable. Consequently, the active matrix
requires less than 1/5 for dynamic images (and 1/30 for static images),
the data bit refresh rate of passive matrices, all other things being

equal.




In review, we have so far attempted to support the thesis that
a display consisting of an active matrix driving thin~film electrolumi-
nescent phosphor offers the greatest potential for specific applications
such as in the DMD. What we will now do is explain the role of thin-
film transistors and powder phosphor which constituted the display con-

figuration for the present program.

Once one has decided he needs an active matrix with dimensions
exceeding several inches, the selection of a technology for cost-
effective synthesis of the array of switching elements becomes remark-
ably simple because there 1is only one, namely that of thin film transis-
tors. At the time the present program was conceived and initiated,
Westinghouse Research Laboratories had developed this technology to a
level which convincingly demonstrated its feasibility, at least on a

laboratory scale.(4_6)

Some examples of the technical status of phosphor
dot array displays in this field prior to the beginning of the current
program are shown in Figures 1.6 and 1.7. Both figures demonstrate a

20 1pi capability developed under Contract DAAB07-72-0061 sponsored by
the former Army ECOM organization and are extracted from Quarterly
Reports on work performed under that Contract in the period November

1973 to September 1974. The device configuration is a powder phosphor
medium driven by an active matrix featuring thin-film transistor switch-
ing. Table 1.3 has, however, previously identified the potential
superiority of thin-film electroluminescent phosphor as a display medium.
There are substantial differences between this and the powder type used
in Figures 1.6 and 1.7, although each is usually zinc sulphide-based

in flat panel display work. Generally speaking, the all-vacuum deposited
thin-film version performs much better, with higher brightness, higher
temperature and longer life performance. By virtue of its transparency,
and in conjunction with a black background, it can provide readability

in extremely bright (10,000 fc) ambients. The powder phosphor is,

on the other hand, nominally very easy to apply to the active matrix.

It may thus be viewed, as indeed it was during the later phases of the

current program, simply as a medium with which to develop manufacturing

16

P e R




...
i
N
.. -
ndd
.
fososts

t

ﬁ:
]
Joeesde  focesls

Example of Westinghouse Thin-Film Transistor Addressed

Figure 1.6
Displav Technologv prior to the beginning of the current

program,

17
RM-66717




E Fiovre dof A oneeond esenple of et Tonhonse tochns o e e e 4

boocinminee ob phe o ren!

RM- 6072

L ™ g g
.




methods for thin-film transistor addressed active switching matrices.
In a parallel effort, ERADCOM sponsored research at Westinghouse to
develop thin-film electroluminescent phosphors for thin-film transistor
addressed displays under a separate Contract, DAABO7-77-6-2697. The
strategy presumably was to separately, yet simultaneously, focus on

the weakresses in thin-film transistor addressing manufacturability,
and on the weaknesses in thin-film electroluminescent phosphor, ad-
dressing its basic development. The objective of this was to con-

verge on the ultimate component-—-a thin-film transistor-addressed-

active-switching-matrix driving a thin-film electroluminescent pixel array.

The concept of a flat panel engineered to serve the purpose
described in Section 1.1 is not complete without one final consideration.
Historically, the peripheral circuitry required to impress video data,
ordinarily supplied in a serial stream, onto the vertical bus-bars had
been accomplished by means of silicon integrated circuitry, usually
referred to as the horizontal scanner, The sequential one-at-a-time
activation of the horizontal bus-bars had likewise been accomplished by
a peripheral silicon circuit called z vertical scanner. A feature of
thé thin-film transistor addressed display is its capability in principle
of being fabricated simultaneously with horizontal and vertical scarners
on a single substrate; these scanners were made like the display addressing
circuitry, entirely from thin-film transistors. Against this background,
the specific flat panel concept formulated to meet the needs discussed
in Section 1.1 becomes more focussed. The present program has concerned
itself with a flat panel display featuring an active matrix with thin-
film transistor switching elements, integrated or otherwise connected
thin-film transistor-based scanners, and a powder phosphor display
medium. The overall task has been to develop Manufacturing Methods
and Technology Engineering for such a component as a prelude to subse-
quent and related activity directed at an integrated scanner-switching

matrix circuit driving a thin-film electroluminescent phosphor medium.
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1.3 The Manufacturing Concept

The last paragraph of the previous sgection has defined the
concept of the component with which this program is concerned. The task
of this section is to review briefly the development of fabrication
methods and to focus more specifically on the approach adopted during

the current program.

What one is basically trying to make here is a thin-film tran-
sistor circuit. (The subsequent powder phosphor application is really
a separable and less demanding facet of the technology and its discus-
sion is postponed to Section 7 herein ), The basic element of a thin-
film active circuit is the transistor itself. A cross-sectional view
of such a device is shown in Figure 1.8. It is formed by the patterned
sequential deposition of metal, semiconductor and insulator materials.

Extensive, more complete descriptions have been described in
Section 2.4.1.

Dwg. 6368A92

Semiconductor Top Gate

Figure 1.8 Cross section, perpendicular to current flow, of a typical
thin-film transistor.
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lines and capacitors are formed in much the same way as the transistor,
Prerequisites to the task of fabricating the circuit are the design of
the electronics and the layout, just as they are in the case of conven-
tional silicon integrated circuit technology. Usually, in the case of
thin-film circuits, however, at least some of the physical patterning
is achieved by alien procedures. The various options for patterning
thin-film circuits are shown in Figure 1.9. Referring to Figure 1.9,

an example of variable aperture masking is the so-called X-Y method,
which is conveniently suited, but nonetheless limited, to matrix patterns
which are geometrically regular in both the X and Y directions. The
desired pattern is generated by the controlled movements of a set of two
netal masks placed in contact with each other and the substrate. By
appropriate absolute and relative movements of each separate mask to a
location required for the evaporation being made, virtually any required
pattern can be synthesized. The mechanics of the XY method are illus-
trated in Figure 1.10 and Figure 1.11. This technique has been histori-
cally favored at Westinghouse because it obviated some of the technical
obstacles associated with other delineation schemes. These obstacles
have been overcome by advances in computer-aided design and mask genera-

tion equipment demanded by the silicon industry in more recent years.

Referring again to Figure 1.9, dedicated stencil masking in-
volves pattern delineation with a set of multiple aperture masks. Each
mask 1s "dedicated" to a particular evaporant although, unlike the XY
method, only one mask is used at a time.

Pattern delineation can also be obtained by a variety of means
following non-patterned deposition or depositions. In Figure 1.9 these
have been segregated into lithographic and "other," which includes laser
cutting, a variation of the laser trimming technique. Such techniques
in their pure form eliminate the need for stencil masks altogether.

Some of the advantages and disadvantages of the four approaches can be

implied from the comparative properties of each, as depicted in Table
1.4,
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Figure 1.10

Figure 1.11

Dwi, B2UYALS
Overlapping Rectangular Openings from Two

Contacting Masks having the Same Pattern of
Apertures

SN

Typical Deposited Pattern after Evaporation
through Mask Set Above

Any Rectangular Pattern, Including Continuous
Lines, can be Generated in this Fashion

The principle of the XY approach to thin-film pattern
delineation.
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- TABLE 1.4 RELEVANT COMPARATIVE PROPERTIES OF THE :
ol FOUR BASIC APPROACHES TO THIN FILM f
: DEPOSITION PATTERNING SHOWN IN FIGURE 1.9 ;
- i
) APPROACH ;
; Geometrically selective Post-deposition *
{i deposition pattetning
Variable Masking Dedicated Masking Lithographic Other
Difficulty of Nominal Substantial Nominal None i
Mask Design and
Procurement %
Throughput Slow Fast Slow ? '
In-Process
Quality Control None None Yes Yes? i
Extendable ) i
to Large No No Yes Yes? f !
Area
3 i
Geometric
Resolution 100 LPI 100 LPI Higher Higher :
All Vacuum )
Process Yes Yes No No i
Proven Yes Yes (Yes) No :
3
i
3

Y

*Actually, certain "films" in this case need not be formed by vacuum

deposition. Plating-up, for example, can serve passive functions such as
interconnecting and bus bar synthesis.




Finally, Figure 1.9 implies the existence of so-called hybrid
techniques. An example which has gained considerable favor in our group
in recent years features conventional stencil-mask-defined and vacuum-~
deposited thin-film transistors. These are interconnected into the re-
quired circuit by prior or subsequently created passive circuit elements,
which could, for example, be realized by photolithographic delineation
of non-patterned depositions. While there are probably several other
workable schemes, this approach seems capable of effectively combining
the best of the four different pure art-forms in Figure 1.9. The logis-
tical difficulties associated with the design and procurement of dedi-
cated masks and implementing their use have traditionally been quite
formidable. Only in recent years when computer-based graphics have
become available has the problem seemed tractable. However, Westing-
house prides itself on having now reduced the methodology as described

in Section 4 to a fine art.

In spite of this, there is a customary turn-around time irri-
tation when one wants to alter the pattern, and this has been responsible
for the lingering survival of the XY mask approach. The latter naturally
cannot readily be employed to generate anything other than regular pat-
terns. This renders mask design for (integrated) scanner circuits, for
example, a major challenge. This is not true of dedicated masks, once

the design and procurement methodology has been established.

As far as laboratory-scale fabrication schedules are concerned,
throughput rates are not particularly important. However, we have ob-
served that operation errors tend to occur more as a function of elapsed
time involved in processing. This in itself favors the dedicated ap-
proach. In addition, in a quasi-production environment, throughput per
se 1s extremely important. The materials content of displays, within
the framework of the concept of Section 1.2, is extremely low, perhaps
a few dollars. 1In principle, their labor content can be rendered com-
mensurably small. The two together are, in fact, insignificant compared

to the depreciation of required capital equipment and other period costs.
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Therefore, it is mandatory to maintain high throughput in a cost-

minimizing production venture of components of this type.

An indisputable advantage of approaches featuring post-
deposition patterning is an in-process control facility. One can con-
veniently maintain quality assurance of appropriate circuit features
such as bus-bar continuity as fabrication proceeds. 1In the all-vacuum
environment characteristic of stencil masking of whatever type, in-
process testing is not readily achievable although this is partially

offset by the "pristine surface' argument.

As far as display format specifications are concerned, the
post-deposition patterning approaches would seem to have an edge. This
is not quite so clear in the case of resolution but it is certainly
true for display area. It is very unlikely that dimensions much in
excess of 6-10" can be achieved at competitive resolutions of about
50 1pi with any kind of stencil masking due to the difficulty of fabri-

cating the masks themselves and their subsequent use in a vacuum system.

For the purpose of the present program, Westinghouse argued
in favor of the dedicated mask approach. Once one discards considera-
tion of difficulty assoclated with mask design and procurement, all
other factors in Table 1.4 rule in its favor or are inconsequential as
far as existing program requirements are concerned. The only exception
to this rule is perhaps the lack of "in-process control." We naturally

recognized this and sought to overcome it by utilizing ingenuity and

devising trickery to minimize the need for such activity. This was

done to a large extent by full exploitation of our expertise in mask
design and procurement which we felt was more than equal to the task.
This does not mean that the variable masking approach was immediately
discarded. 1In fact, it was widely utilized early in the program to
develop critical circuit fabrication geometries on an empirical basis.
For this, it was well suited. This was, however, the full extent of its
role. Throughput rates, all-important in a manufacturing methods en-
vironment, were selected for the dedicated mask concept by an order of

magnitude.
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The Westinghouse stance in favor of the dedicated mask ap-
proach to fabricating the active switching matrix secured the approval
of the customer and led to the manufacturing scheme whose gross features
are shown in Figure 1.12. The task of explaining the details of the
scheme is relegated to Section 3.1 in this report.

1.4 Overview of Program History

Westinghouse submitted its formal proposal for the Manufac-
turing Methods Contract to the U.S. Army Electronics Command (then ECOM)
at Fort Monmouth, New Jersey through its Industrial and Government Tube
Nivision in Horseheads, New York, on November 5, 1975. Work began in
May 1976 and this first phase of the program continued through December
1977, at a cost to ECOM of about $300,000. During the same period,
Westinghouse infused a substantially greater sum to supplement other

funds it had already invested in program-related technology.

At the beginning of the program, one of two aspects of Wes-
tinghouse's relevant technical capability is well summarized by the
displays illustrated previously in Figures 1.6 and 1.7. These rela-
tively low resolution displays had, however, been fabricated by the XY
method and embodied substantial, post-deposition, very highly skilled
labor to coax them to relatively defect free operation. The other
aspect of our capability was our earlier development, construction and
inaugural operation of a large capacity, computer controlled automatic
vacuum system specifically designed for quasi-pilot production of large
area (4"x4") thin-film transistor integrated circuits. This equipment
is i1llustrated in Figure 1.13 and had been used in an attempt to "mass-
produce” all thin-film digital timers during 1975.(8) It is more fully
described in Section 5.2. While only several operating timer units were
eventually fabricated, this was done with the dedicated mask scheme, for
which mode of fabricating the automatic vacuum system had been designed
exclusively. Thus, at the beginning of contract activity proper, our

technical capability might be summarized as follows:
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Figure 1.12 Gross features of the manufacturing concept adopted by

Westinghouse for fabricating thin-film transistor
switching matrices with the dedicated mask approach.
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Figure 1.13 Westinghouse's computer controlled, quasi-production
oriented, automatic vacuum svstem available at the
beginning of this program.
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{ 1. Ability to produce working 6'"x6" thin-film transistor addressed

(powder) electroluminescent phosphor displays, characterized by

e 20 1pi line demsity

| e fabrication by slow and costly XY mask technology.

2. An automatic vacuum system featuring dedicated masks characterized

by

® actual prior fabrication of digital circuits
e a very low yield

e high throughput potential.

By necessity, both parties, ECOM and Westinghouse, recognized
that technical objectives should reasonably match this capability. In
terms of deliverable hardware, the objectives for the May 1976 to
December 1977 phase were formulated around working displays to meet the
needs of the DMD, shown in Figures 1.1 and 1.2. A mock-up of the dis-
play component is shown in Figure 1.14. More precise technical specifi-
cations follow later in Section 2.5. The specific objectives were

couched in terms of delivering such units in quantities as follows:

e two engineering samples: the purpose here was to

verify successful transferral of previously demon-
strated XY fabrication skills acquired in the labora-
i tory to the pilot facility featuring its dedicated

! mask approach and the DMD geometrical format.

® two confirmatory samples: these samples had to meet

S demanding environmental tests specified in Document
SCS-501 (Appendix A) to verify phosphor application

and encapsulation technoleogy, and the capability of

the thin-film transistors themselves to meet the

same rigorous testing.

e 20-piece pilot run: The number of units was to be

made with the identical procuvss as were the
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Fioure 1.15 Mockeup ot Jdisplav component in terms of which technical
chYec b ives for the Pirst phase ot the program were
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confirmatory samples within a specified time period.
This was to ensure conformance with the customer's
stance that feasibility of manufacturability at a
level commensurate with future military requirements

was the ultimate objective of the project.

One could then readily assess the nature of our mission within

the framework of a Manufacturing Methods Development task as:

\,
1. Transfer X-Y display circuit fabrication expertise to the automatic
vacuum system ("pilot facility") with its dedicated stencil mask

mode.

2. Coax pilot facility operation to a performance level commensurate
with its theoretical capacity. 1In other words, make a whole lot of
circuits with a high yield.

3. Verify the performance of displays so fabricated to specifications
in SCS-501. Whereas there were many other details to be worked out,
this was the essence of the technical strategy for the first phase

of the program.

Actual progress towards meeting these goals is best summarized
by photographs depicting the performance of the engineering samples in
Figures 1.15 and 1.16. Their delivery to ECOM was accompanied by the
contract required Test Report in November 1977. The conclusion of this
exercise was that laboratory XY expertise had been transferred to pilot
production with dedicated masks, only to the extent, however, that these
pleces represented the best efforts at the end of some 20 months of
activity. By December 1977, we had been unsuccessful in fabricating
units meeting confirmatory sample requirements and any kind pilot pro-
duction run seemed out of the question in the near future. However,
both parties to the contract agreed that continuing the program for a
further eighteen months was worthwhile in view of the substantial pro-
gress that had been made and the potential and increasing demand for

the product.
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Figure 1.15 Engineering sample No. 1 drlivered to ECOM at the end of
the first phase of the program in December 1977.
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Figure 1.16 Enginerring Sample No. 2.
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The second phase of the program was originally scheduled to
run from May 1978 to April 1979 at a cost to ECOM of about $250,000,
supplemented again by a significantly greater infusion of funds by
Westinghouse. What subsequently happened, however, was the October
1978 disclosure by Westinghouse to discontinue pursuit of this techno-
logy for commercial purposes and only to maintain such activity to
honorably fulfill contract requirements. Consequently, the planned
second phase subsequently evolved into a third, as shown in Table 1.5,
which serves for defining the breakdown of phases in the remainder of

this report.

TABLE 1.5 DEFINITION OF PROGRAM PHASES

Phase Start Finish Approximate Cost to ECOM-ERADCOM
I May '76 Dec '77 300,000
11 May '78 Oct '78 140,000
III . Oct.'78 July '79 80,000

At the time of entry into the second phase, both parties
agreed to a much wider scope of deliverable items. During the first
phase of this program, some progress had derived in the High Contrast
Electroluminescent Digplay companion Contract DAAB07-77-6-2697 devel-
oping thin-film phosphor, whose performance advantages over powder were
explained in the discussion of Section 1.1. Likewise, measurable pro-
gress in the development of an all-thin-film vertical scanner had re-~
cently been made. Consequently, the Phase I pilot run objective was
ambitiously modified as shown in Table 1.6.
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The strategy for the second phase of the program was highly

directed at a convincing demonstration of manufacturability of the thin-
film circuit matrices. The intention was to work the bugs out of this
critical aspect of the task and develop the thin-film phosphor and scan-
ner fabrication technology under the companion program DAAB07-77-C-2697.
Expertise was to be transferred at a future appropriate time to this
Manufacturing Methods program as it had been previously with the XY
circuit fabrication approach. This technical strategy was accompanied
by Westinghouse's investment in establishing Class 100 clean conditions
for the automatic vacuum system environment. Airborne dirt was widely
believed responsible for the numerous defects which had ostensibly pre-
vented routine fabrication of operating circuits. Finally, in January
1978, Westinghouse formally adopted a Matrix Management structure(g-ll)
for the remainder of the program under which to maximize the benefits

from its skills and management expertise in this field.

Results during the second phase of the program were very slow.
One panel with relatively few defects was made by September 1978 and
this is shown in Figure 1.17. Several other fairly high quality circuits
were obtained from the automatic vacuum system but little meaningful
testing to the full rigor of the confirmatory sample requirements spelled
out in SCS-501 (Appendix A) was undertaken. On the contrary, high tem-
perature (72°C) life-testing indicated how seriously deficient our powder
technology was for this purpose. This was just the beginning of the
emergence of a philosophy concerning certain technical myths in this
field of endeavor. It 1s almost universally believed that the perfor-
mance limits and manufacturability of thin-film transistors alone prevent
copious production of the subject display. In practice. one finds that
making uniform, reproducible transistors adequate to the immediate task is

by far the easiest part of the entire operation.

In spite of, or because of, the frantic activity applied to the

program in 1978, Westinghouse made its decision in September not to pur-

sue this technology for its own purposes. In spite of many alleged
breakthroughs, the relatively primitive and labor-intensive laboratory
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Figure 1.17 Example of the state-of-the-art at the conclusion of

Phase 1II.




TP AN AT T e

XY method remained as productive as the pilot facility as far as pro-

LR

ducing components of any legibility was concerned. However, a corporate
commitment was made to continue operations to fulfill as honorably as
possible our contractual obligations. This was done under Phase III of
the program, which saw new management and major changes to the overall
approach. For this reason, the entire next section is devoted to the

strategy for Phase III. This seems appropriate since much of the tech-

nical detail described subsequently relates to Phase III activity ex-

clusively even though, naturally, it draws heavily from the efforts
applied and successes achieved earlier in the program. ' i

1.5 Phase III and a New Technical Strategy

The entry into Phase III in October 1978* under new management
was made with the institution of hearings. Former program participants
from both the engineering and technical support ranks were quizzed ex-
haustively as to their own assessment of the technical status of program

work and as to their technical recommendations. What follows now is a

review of the findings of those hearings. This is supplemented by a @
description of a technical strategy which was formulated for the re-
mainder of the contract period with the knowledge and consent of the

customer.

The material relating to the findings of the hearings has been
segregated into five subsections, dedicated to sequential facets of the

display manufacturing activity. These are:

Thin Film Circuit Production
Automatic Circuit Testing
Powder Phosphor Application

Encapsulation

Final Test.

*
This was over two years after the beginning of contract activity and
some six months from its final scheduled termination.



Each of these subsections reviews the October 1978 status, the major

problems, and the then-recommended approach as perceived at the hear- !
ings. These are followed by Subsection 1.5.6, dealing exclusively with §
the Phase IIl strategy. To some extent this material presupposes the f
reader's knowledge of some details of the technology. The writer has
chosen, however, to risk the discomfort of a few members of his audi-
ence in order to provide a comprehensive overview of the execution of
the program before bombarding them with technical minutiae. The gross
features of the manufacturing approach have already been described in
Figure 1.12.

1.5.1 The Status of Circuit Manufacturing in October 1978

This activity refers to the gamut of operations running from
the acquisition, testing and cleaning of masks and clean glass substrates,
their installation in the vacuum system, the thin-film deposition se-
quence, unloading and annealing the circuits and preparing the system
for the next run. ("Circuit" in this context means the glass-circuit

composite ),

Status. The vacuum deposition facet of this activity was
fully operational. With its former work force of typically two full~
time engineers and four technicians, the approximate throughput was
18-20 substrates per month. Of these, about 10-14 were deemed to be

confirmatory sample grade (CSG). However, each of these substrates

reportedly received a mix of about 16 engineering or technician man-
hours for the repair of typically 3-4 "shorts", 3-4 "opens" and the
"scratching out" of 3-4 defective transistors. These counts were most
likely understated. A most significant technological achievement was
the consistent and reproducible characteristics of the transistors
fabricated.

Problems. Problems were segregated into two groups: those
affecting yield without regard to throughput and vice versa. Of course,
this segregation was somewhat arbitrary with certain problems affecting

both yield and throughput.
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In order of decreasing severity, those identified in the first

group were:

1. Excessive power transistor leakage

2. Inadequate pre-deposition glass substrate cleaning
3. Inadequate mask cleaning and inspection

4. Pattern defects due to imperfect mask pre-alignment and in-process

registration

5. Inadequate transistor voltage capability and excessive.leakage
("instability"')

6. Faulty handling procedures.

In summary, there was substantial disagreement concerning items 1 and 5

above, even among personnel intimately acquainted with this activity.

It is clear we really had not fully translated required optical perfor-

mance of the panel into electrical test requirements of the individual ‘
transistors. However, it was widely agreed that items 2, 3, 4 and 6 had
received totally inadequate attention relative to their importance and,

were this situation to be corrected, "problems" 1 and 5 would likely

disappear or be substantially alleviated.

Problems more generally related to throughput, again in de-

creasing order of severity, were:
1. Multiplicity of steps }

2. Less (4 to 5) than total utilization of machine capacity (8 sub-

strates per run)
3. Slow evaporation rates

4, Constraints imposed by the existing design and construction of the

vacuum deposition system.

Items 3 and 4 above are factors we really cannot hope to do anything
about in the near future and are not really limiting with our existing

technology. Item 1 was of major concern and was really not intractable.
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The fabrication of each circuit then required a total of 45 steps

and took over 4 hours. This burden derived from an obsolete circuit
layout geometry which also related to the "yield" group of problems.
Item 2 above results from the dedication of one substrate position for
mask precoating and source pre-conditioning, and two positions to in-
process mask "mopping”. A separate factor was monitoring-crystal life.

These were then used in a 100% duty cycle during A1203 depositions.

Recommended Approach. One important way in which both yield

and throughput problems could be greatly alleviated was redesign of pat-
tern layout geometry and mask engineering. There was general concur-
rence in this viewpoint. The 45 step - 4 hr sequence was believed
replaceable by a 25 step - 2-1/2 hr sequence. In the past, we had

shied away from this seemingly forbidding task for two main reasons:

1. 1Its elapsed time requirement
2. 1Its cost — prnbably $5-10,000 (labor and materials).

A commitment to this particular task was believed likely to have a
profound impact on technological progress — so much as to render even the

"unused capacity" feature inconsequential.
1.5.2 The Status of Automatic Circuit Testing in October 1978

Automatic testing in this context is the process wherein the
electrical characteristics of annealed substrates are comprehensively
measured, recorded, and graphically presented by computer. Its purpose
is two-fold: on the one hand, it is a process control link, providing
feedback to the vacuum system operation by detecting system malfunctions
or otherwise abnormal operating conditions. On the other, it grades
substrates so that minimal effort is lost in the application of phosphor
to substrate circuits of less than acceptable equality. A further poten-
tial use of this equipment is automatic repair such as short detection

and clearing.
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Status. All the hardware for this system had been assembled
and was 1007 operational. A supporting software package controlled the
test sequence and provided summary test data in a form which permitted
quick appraisal of circuit quality by the operator. Each circuit re-

quired less than 5 minutes set-up time and the duration of the data-

acquisition mode without human intervention was about 10 hours. Approxi-

mately $90,000 had been invested in this system. Major disagreement
existed as to whether it was an essential component of a commercial pro-
duction facility, either in its present configuration or in some varia-
tion. However, its usefulness for the purpose of the pilot runs called
for by the contract was definitely disputed. Use of this equipment was
not specifically required by the contract. At the maximum rates of pro-
duction we then presently envisaged — about 5-6 substrates per week —
one school of thought maintained testing could be done manually more
efficiently.

Problems. The reason this equipment had not functioned as
planned concerned the nature of the substrate-circuit system being
tested. To work properly, the circuit would have had to be deposited
on glass with flatness specifications which were not readily available.
The existing pattern had further geometrical and physical features, not
readily accommodated by the probe assembly of the tester, such as fra-
gility of the metal films being probed and run-out (general geometrical
imperfection) of the pattern.

Recommended Approach. Continued use of the full comprehensive

testing capability of the automatic tester was not a high priority item
for the purpose of meeting the confirmatory sample requirement. Also,
it probably was not essential for pilot runs of the limited scope called
for by the contract. It appeared, however, to be of significant use in
a limited mode of automatic scan for bus-bar continuity, for example.

In a manual step mode, it could also assist in spot checking of transis-

tor characteristics.
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1.5.3 Status of Powder Phosphor Application in October 1978

The input to this step of the manufacturing sequence is the
substrate with its circuit, repaired or otherwise. The step is complete
after the phosphor layer is applied, a brief light-up test is conducted,
repairs are made, if feasible, and the substrate 1s delivered to

encapsulation.

Status. At present, the former standard process was being
changed from one in which phosphor particles suspended in a starch solu-
tion are sprayed onto the panel to a so-called "hybrid technique.'" The
existing spray starch vehicle had previously produced samples which
were only marginally bright in the 200 fc ambient specified for the
viewability test. In addition, it was grossly inadequate for the 72°C,
600 hr life test. The new hybrid process, then in its final verifica-

tion phase, has resulted from intensive activity initiated in June 1978. i
The voluminous technical data, progress, and setbacks in this effort

had been extensively documented in the minutes of the so-called phosphor

group meetings held weekly since then. Every indication is that the new ]
hybrid process could meet the demanding 72°C, 600 hr life test. However,

as with the original spray-starch vehicle, yield depended predominantly

on the quality of the transistors, in particular, their ability to stand

off typically 110 vrms in the generation of a dark element. Conse-

quently, of the remaining 10-14 substrates delivered for phosphor per

month, only about 4 remained confirmatory sample grade after phosphor

application.

Problems. The single then perceived problem concerning powder
phosphor application was incomplete verification of the new hybrid process.
Optimism stemmed from the detailed and extensive understanding of factors
limiting phosphor performance gained since June by working with so-called
Nesa Chips and Postage Stamps. However, it had been observed that when
Riston 1lifts and has to be stripped, the solvent used has the habit of
damaging silver epoxy repairs. The lifting tends to start on repaired

regions, especially at the edges.




Recommended Approach. It was generally felt that the new

hybrid process verification should be completed and that panel legibi-
lity and performance could be subsequently further improved if desired
by the so-called "second-level" procedure. Black-surround seemed to
have nothing to offer powder phosphor procedures within the scope of

this program. These last two issues were somewhat controversial.
1.5.4 The Status of Encapsulation in October 1978

This step refers to activity wherein two phosphor coated
circuits are mounted on a glass backing and are sealed by a front glass
plate attached with transparent epoxy. This is essentially the final

hardware product defined by program requirements.

Status. Verification of our favored process featuring
"Stycast" epoxy and a silicon rubber edge seal had been delayed by lack
of availability of EL-coated half panels and also, to a certain extent,
to the only recent inaugural operation of essential test facilities,
Nonetheless, the procedure did produce an assembly which is mechani-
cally and aesthetically "excellent." There was a good indication that,
without power, the panel survived testing in the specified hot/humid
environment. We had no indication this process was adequate for pro-
tection of the phosphor-binder sub-system in the 72°C life test, that
is — adequate to reproduce the dry box testing used to verify the
phosphor application step.

Problems. The overall problem here was the absence of a
verified encapsulation procedure. We reasonably assumed that, were a
copious supply of working half-panels available, we would observe
failures of the package under one or more of the demanding tests which
must be passed. However, we also assumed that the cause of these
failures could be systematically identified and dealt with in a way
similar to that in which the so-called 72°C phosphor life problem was

resolved earlier.

Recommended Approach. Pending the availability of an adequate

supply of CSG half-panels, it was believed that the encapsulation




procedure should be verified immediately, and as convincingly as
possible, either with reject half-panels or with similar and readily
available substitute components. Subsequent activity should naturally

focus on any failures so observed.
1.5.5 Status of Test and Fvaluation in October 1978

This activity concerns the one-time task of constructing the
panel test equipment and the institution of the ongoing tests them-
selves. There are basically six categories of test, details of which

are spelled out in the written contract. These are:

1. Shock and vibration
2. Humidity

3. Altitude

4. Temperature

5. Viewability

6. Life

Status. All facilities necessary for the conduct of the
above tests had been assembled and were fully operational. 1In addition,
software for conducting the complex viewability test had been written
and tested. However, little actual testing had been completed due to
the unavailability of product to test. Two panels had been subjected
to altitude and one to shock and vibration. All three passed those

tests.

Preblems. There was a possibility that the design of the
viewability exerciser unnecessarily stressed the power transistors. We

had previously damaged panels electrically during viewability tests.

Recommended Approach. Other than a determination of the

possible problem mentioned above, no further actions were recommended
at that time. It was belileved a good idea, if possible, to locate all
facility test equipment in a single area to minimize handling losses,

which did not appear minimal.
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1.5.6 Technical Strategy Adopted for Phase TII in November 1978

The strategy presented here was formulated to address the
issues raised in Subsections 1.5.1 through 1.5.6 above. The general
approach was to switch emphasis to pilot manufacturing as opposed to
product development. We had earlier verified that the product could,
by and large, be made to perform as intended. Nonetheless, it could
only be made in a very slow labor-intensive process with very low
yield. The thought was that if something more closely resembling a
pilot manufacturing line could be established, the technological
momentum of higher throughput, more rapid process feedback; and con-
sequently greater process control would begin to provide a meaningful
indication of the basic and overall manufacturability of the product.
This was believed to be more consistent with the intended spirit of

the funded program.

The elements of the technical strategy formulated in November

1978 were the following:

1. Redesign the circuit layout and procure revised masks during

November to February 1978; these masks to feature Xovar-~-cored

construction.
The reasons for this strategem were the following:

(1) The existing pattern geometry reflected our state-~
of-the-art as it was in this field almost three years
earlier. Extensive experience and many new ideas had
emerged during the interim period regarding its improve-
ment in terms of providing higher throughput and yield

ratio.

(2) We had worked with the existing pattern for over

two years with only limited success in producing a unit
which met viewability requirements. It was, therefore,
tnlikely that without drastic action of this nature we

were going to radically improve output, particularly
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with oaly one-fifth of the original manpower and with a
time limitation of less than nine months. In spite of
further generous Westinghouse support supplementing
remaining customer funds, it was evident that the pro-
gram manning level would have to ope drastically cut back

to the stated level.

{3) We had firm evidence that Kovar-cored masks have
much superior performance compared to our then-existing
Be-Cu cored ones. Had we wanted to take advantage of
this experience, even with the existing pattern, much of
the time and money associated with a total redesign
effort would have to be expended anyway. The obvious
reason for not having undertaken this task earlier was
the cognizance of the time constraint; we had only three
months to complete what had previously taken over one

year.

2. Develop a nickel evaporation expertise to replace the former

aluminum-copper-chrome 3-metal system.

The main purpose of this approach was to take maximum advan-
tage of the investment in the redesign of the masks. Whereas the mask
redesign itself offered product and process simplification, here was
an opportunity to reduce further the complexity of the manufacturing
system. In addition, one problem identified at our hearing was the
failure vulnerability of the copper link previously used to attach
gold-indium transistor source and drain pads to the aluminum bus-bars.

Another was the relative "unrepairability" of the aluminum bus-bars.

The reasons we selected nickel were the following:

(1) We had previously had at least some limited

experience with it on other projects.

(2) It was not physically, chemically, or metallurgi-
cally incompatible with any other of the deposition

materials we were going to continue using.
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(3) Electrical conductivity was reasonable.

(4) Nickel films were potentially less vulnerable to

mechanical damage.
The problems which we had to keep in mind were as follows:
(1) Nickel's reputation for not sticking to glass.
(2) Higher temperature induced during the evaporation.

This activity was scheduled to run in parallel with the mask
redesign effort. The intention was to converge towards inaugural pro-
duction with the new design and the new material in early March 1979
leaving time for debugging before having two clear months to run in a
production mode. 1In view of the uncertainty, fall-back positions were
to use the new material with original mask design and, failing that,
the original masks were to be used with the original materials. It was
not possible to use the original materials with the new masks without

a modification. This was a risk we felt we could live with.

3. Develop addressing electronics to reproduce recent experience

demonstrating lower source and gate drive voltages also in the November-

April 1979 time period.

In the development of a flat panel display for TV images under
sub-contract with MIT Department of Architecture, Westinghouse found
that substantially improved drive and performance characteristics were
obtained from the display by separating in time the video write and
phosphor excitation operations. Not only were substantially reduced
logic voltages found adequate, but turn-on of power transistors during
voltage stress was avoided and the effective retention time of the
memory capacitor in the elemental circuit was extended from the nominal

frame time of 1/60 second to better than 30 seconds.

We determined, therefore, that a low frame rate without
flicker should consequently be obtainable with the DMD display by use
of this technique. This, in turn, would allow the peripheral circuit

power to become a very small fraction of the total panel power demand,
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except at low brightness settings. Further, it would permit use of

relatively low data rates (less than 100K bit/sec) for panel refresh.

Another advantage that was expected to derive from the new
drive method related to compensation for transistor drift. TFT tran-
sistors made to date shcwed a degree of short- and long-term drift of
threshold voltage under positive or negative gate bias conditions which
greatly exceeded that shown by modern silicon MOS transistors. This
drift stemmed from carrier traps and ionic drifts and, though trouble-~
some, it was reversible and could be characterized by constant para-
meters. Considerable effort would probably be required to feduce this
drift to a negligible value for all applications. Until such a time
that TFT driftiness is eliminated, undesirable effects in TFT circuitry
resulting from the driftiness could be avoided by use of dynamic cir-
cuits which periodically exercise the transistors in the gate-positive
and gate-negative modes. At a lower frame rate, such as 5 Hz for
example, a relatively large fraction of the total line time can be

spent for this purpose, and a reset duty cycle of 0.8% is easily
provided.

4. Characterize and, if necessary, modify packaging technology begin-
ning immediately and continuing until April 1979.

It was not known in October 1978 how good or otherwise our
existing encapsulation methods would perform under life testing as
specified by the contract. Therefore, our first task was to evaluate
what we had. If the results were negative, we were to proceed with
development of this technology until the regular production phase of
the program was to begin in early May. Specific objectives in terms of
performance could not be meaningfully formulated because unlike other
tasks in this strategy, there was no indication that the required main-

tenances were technically attainable. On the other hand, development

activity was naturally to cease were the required performance demon-
strated sooner.




5. Reassess role of automatic circuit testing and reduce its scope to

a level more commensurate with existing program needs.

Our hearings had revealed controversy as to the ultimate
usefulness of the existing concept of automatic circuit testing. The
technical nonfeasibility of the approach was, however, fairly clear.
On the other hand, the hardware system used for operation was clearly
well suited to a related task constituting a bottleneck in pilot

production, namely

e bus-bar open and short location prior to cleaning

e transistor evaluation for process control.

The new mask design was specifically formulated to provide a more
testable and fault-clearable product. Whereas the original concept of
automatic circuit testing was intended to embrace capability for deal-
ing with the two points above, its sophistication in being designed to
do much more than these essential chores had rendered it technically
too demanding on the product and process. Therefore, in summary, our
intention was to back off in scope and sophistication and apply the

general concept to a more critical need, more limited in nature.

.This strategy with its five elements was followed closely
through the third and final phase of the program, possibly with one
exception. During early 1979 it became evident that thin-film electro-
luminescent phosphor technology was quickly rendering powder phosphor
obsolete. However, there remained nothing on the horizon to supplant
thin-film transistor switching of an active matrix for driving an array
of phosphor elements. Consequently, the customer requested that no
further effort towards the respectable performance we recently had
coaxed from our powder phosphor methodology should be expended. All
available resources were to be directed towards fabricating the essen-
tial thin-film transistor switching matrices. Partly because of this,
and partly because of the stark reality of the overall situation, all
the deliverable item requirements shown in Table 1.5 were replaced by

eight displays meeting the former confirmatory sample requirement, and
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not made at any specified rate. The powder phosphor processing was
largely a medium with which to evaluate circuit fabrication technology.
This was to be directed subsequently at the ultimate product, a thin-
film transistor addressed thin~film electroluminescent display.




2.0 COMPONENT DESIGN

2.1 Fundamental Configuration

The device which forms the basis of this Manufacturing Methods
and Technology Engineering Program is a 256 character flat panel alpha-
numeric display. The display has an active area of 6.56" by 2.88" and
the total device is 7.06" by 3.38" and is approximately 0.125" thick.
The mechanical arrangement of the device is shown in Figure 2.5. 1In
order to manufacture the display in the available Pilot Manufacturing
Facility, it was necessary to form the display surface in two parts.

The Pilot Manufacturing Facility can handle TFT circuits up to a maximum
size of about 4" by 4". Thus, the display is made from two identical
3.55" by 3.40" substrates.

2.2 Geometrical Features and Contacting

The active display area of the panel consists of 222 x 77
(17,094) elements. In the horizontal direction, the elements are
spaced on 750 ym centers, and in the vertical direction they are spaced
on 950 um centers. Each element has a 1it area that is rectangular in
shape and is equal to or greater than 0.015" by 0.021". If it is found
necessary to increase the 1it area to improve viewability or brightness,
this can be accomplished by using a "second level" process. The dis-
play medium is a powder AC electroluminescent (AC-EL) phosphor. The
phosphor, which emits in the green region of the visible spectrum, is
driven by a thin film transistor matrix. Each display element is con-
trolled by two transistors, a capacitor and a set of interconnecting
busbars. Every element 1s addressable through the edge finger contacts.
Typical signal voltages are * 30V, and typical power voltages are 50 to
100 Vrms. Power (5 to 10 kHz, either square wave or sinusoidal) is
supplied to the phosphor through edge contacts, and the device is
grounded through corner contacts. Brightness control is achieved by

EL drive voltage or pulse width modulation.
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The circuit schematic showing six adjacent display elements appears
in Figure 2.1. The design layout is delineated in Figure 2.2 and a
photograph of two elements of a fabricated surface is illustrated in
Figure 2.3
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Figure 2.1 Bus-bar visualization for new layout.
(see also Figure 7.1)

2.3 Mechanical Construction

In cross section the device consists of an active matrix area
with edge contacts corresponding to the overall 7.06" x 3.38", which
will be 0.05" thick. A front cover plate and back reinforcement plate
are sealed and laminated onto the active matrix modules (half panels)
so that the total display thickness is about .150".

For purposes of discussion, the subsequent steps are called
"packaging processes." They involve the coating of the thin film cir-
cuit with a laminar photoresist to insulate and passivate the active
components. Following this the circuit is sprayed with phosphor in a
high dielectric constant binder, and then a transparent top electrode
is applied. Finally, the display is sealed. A detailed description of
the packaging process is given in Section 8.2.
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2.4 Theory and Analysis of Operation

2.4.1 The Thin Film Transistor

The theory of the operation of TFT s for thin semiconducting
layers up to the current saturation is treated by Borkan and Weimer (13)
under the assumptions that the mobility of the charge carriers through-
out the conducting channel is independent of the gate voltage and that
the gate capacitance is also independent of the gate voltage, i.e.,
there is no trapping of carriers at the semiconductor-insulator inter-
face. Current saturation at a drain voltage approximately'equal to the
gate voltage. Operation of the TFT at higher drain voltages result in
a gradual (and in some cases, zero) increase in the drain.current.
Models to explain the behavior in the saturation region invoke the con-
cept of a space charge limited current in the drain region. The high
resistance of the channel in this region causes most or all of the
voltage drop to appear across this zone and as the drain voltage in-
creases, the length of the space charge region increases so that cur-
rent, which must be continuous along the channel, increases less than
linearly (or not at all). Solving the problem in the saturation region
requires the solution of the Poisson equation and the result must be
fitted to the I-V characteristic in the unsaturated region. This has
been difficult to do in a meaningful way because of the strongly approxi-
mative character of the models involved, especially with respect to the
effects near the drain end -of the TFT.

A much more satisfactory analysis and one that is particularly
suited to our TFT 8 (with one caveat) was provided by Geurst.(lz) The
'caveat' is that whereas our TFT s are made 80 as to have very little
gate to source-drain overlap, Geurst's model assumes an infinite gate
overlap. This will limit the model to low frequency operation. In
other respects, viz., an infinitesimal semiconductor layer with two

double insulators and two gates, the model is expected to fit our TFT's.
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Figure (2.4) shows the model of a TFT used by Geurst in his

|

! analysis. y Dwg. 7714A25
|

‘ Gate

4 ¥

!

' Source ? e . € Drain V X
: - d
f h - L —a £

! ¥

; Gate

Fig. 2.4 Geurst TFT Model

] The two gates are assumed to be tied together in operation and all volt-

sl

ages are relative to the source electrode which is taken to be ground.
The linear current in the channel is
I=ov (1)

L where o is the surface charge density in the channel and v is the carrier
drift velocity, each of which is a function of position, x, in the channel.
The current, of course, is independent of x but is a function of the gate

and drain'voltages.

The surface charge density, o, can be determined from the

familiar expression
p = div(D) (2)

applied to an infinitesimal layer.

N

aDx * Dy+ _ Dy_ - q 7? (3)

f 0"pt=ta—x—

}
| where No is the number of carriers initially present in the semiconductor

and q is the absolute value of the charge. Negative No corresponds to

the number of empty traps. The first term on the right hand side goes
to zero as t » 0. For finite thickness, the first term will still be
very small relative to the others unless %25 can get very large, which
would appear to be a possibility. We will, however, follow Geurst's
analysis and show that the t - 0 limit leads to meaningful results and

leave the first term effects for further study.
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Dy+ and Dy represent the electric displacement vectors

in the insulator on either side of the channel. Equation (3) can

be reduced to
; v
o= 2¢ ny+ + 7? 4
-\ I
where 2€Vo/h = -qNolL, € being the insulator dielectric constant. The
factor of 2 comes from the even symmetry of the structure. The double

gate just doubles the induced charge.

The drift velocity, v, depends upon the component of the
electric field along the x direction in the semiconductor.

v = uEx (5)

where u is the electron drift mobility. The current is then given
by
+ vV
I = -2u¢ [Ey + T?’Ex (6)
Since Ex 1is continuous across the channel-insulator interface,

Equation 6 can be written

VO
I = =-2ue Ey + -ﬁ_

Ex]+ (7)

This says that the current in the channel is determined by the values

of the components of the electric vector at theupper side of the semi-~
conductor channel. Equation 7 can therefore be regarded as a boundary
condition on the electric field in the insulator. An additional boundary
condition is

Ex =0 (8)

on all the source, drain and gate electrodes. Equation 7 is seen to be
a generalization of the current equation derived in the "gradual approxi-~

mation" by Borkan and Weimer.(l3) Near the source electrode the electric

field is almost entirely in the transverse direction, i.e., Ex << Ey.
Replacing Ex by -3V/3x and Ey by -(Vg ~ V(x))/h, we get the approxi-

mate expression valid for small drain voltage Vd,
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where Vg is the gate potential measured with respect to the source.
Equation 9 is seen to be equivalent to Borkan and Weimer's.
Geurst recognized that if the electric field vector is repre-
sented by a complex number
€= Ey + 1Ex + V, /b (10)

then E is an analytic function since the electric field satifies the
Couchy relations

JEy _ JEx
X y (1
and 9Ey _ Ex
ay X
. av v
which can be seen by substituting Ex = = and Ey =.?87
The second equation gives
2 2
3V 3V _ (12)
ax2 ay2

which is just the Laplace equation that the potential must satisfy in

the charge-free insulator.

Given Equation (10), we can write

2 Vo2 f . Vou
£%. <(Ey+—ﬁ°—) = Ex2 + 21 Ey+-h£} Ex ) (13)

The boundary condition given in Equation 7 can be written
I = -ueIm(f?) (14)
where Im(£?) stands for the "imaginary part of £2."

The boundary value problem is now changed to one that is

simpler to treat by making coordinate transformation that changes the

-
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rather complicated boundaries of Fig. 2.5(a) into a much simpler one
(2.5b).

By representing a point in Fig. 2.5(a) by the complex number

z =x+ iy (15)

and defining the transformation

W= e-%% =  + iv (16)
we make a one to one transformation of a point in the (x,y) space onto
a point on the (u,v) plane. The mapping is shown in Fig. 2.5 with
selected point mappings given in Table 2.1. One can see that the
transformation maps a line of constant y in Fig. 2.5(a) onto a ray

amanating from the origin in Fig. 2.5(b). The line x = —» maps onto
the point at the origin.
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TABLE 2.1

CONFORMAL MAPPING OF FIGURE 2a INTO FﬁGURE 2b

USING THE TRANSFORMATION w

Point

Coordinates
in 2a

(x, y)

0, 0)
(L/2, 0)
(-L/2, 0)
(=, 0)
(==, 0)
(=, h)
(-=, h)
(0, h)
(0, h/2)

(=, h/2)

(==, h/2)

h (x+iy)
= ptiv = e

Coordinates

in 2b

(i, V)

(1, 0
L}

AU
(;t%) , 0)
(=, 0)

(0, 0)

(=, 0)

(0, 0)

(-1, 0)

(0, 1)

(0, «)

(0, 0)
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FIGURE 2.5(a)
Complex plane representing upper half of TFT
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w = pu+iv = eHz/h = e h cos(j?) +1ie h sin %%‘

FIGURE 2.5(b)

Transformed plane showing that the lines y = 0 and y = h Map, respectively,

onto the positive and negative real axes in w space. The line at y = h/2
in the insulator maps onto the imaginary axis.
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The complex function Ez(z) is transformed into the complex
function F(w) defined by

F(w) = E2(z(w)) . (17)

Since E is an analytic function, it follows that F(w) is also an ana-

lytic function. The boundary conditions satisfied by F are

ImF = 0 , - <yu<) (18)

ImF =2, A, <, <2 (19)
ue 1 2

ImF = 0 , A2<u<m. (20)

Aside from these boundary conditions there are other requirements that
help to define the solution. Since the gate electrode overlaps the
sour ~ and drain electrodes to an infinite extent in this model, it
follows that at large distances from the channel, the electric field

must be vertical as x + « and x + -« from which we get the auxiliary

conditions
v
Ey-)-—hE asx—>-°°,0<y<h (21)
and
Vd-V
Ey—»——T—& ag x *+o, 0 <y < h. (22)

These last conditions imply

v -V 2

Re F - —h—g w=+0 (23)
V-V +vo2

ReF-»—-}-‘&— s W > @, (24)

By w+0 we mean py+0 and v+0, and by w+~ we mean either or both of
u+», v>o, The line x= maps onto the infinite half circle in the

upper half of the w plane so that w~+« implies any point on that circle.
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This is a good point to discuss the choice of the model with
source-drains and gate extending to infinity. Because the field is
strictly vertical in those limits, we have a convenient way of expres-
sing the auxiliary boundary conditions in terms of the drain and gate
voltages viz. Eq. (21) and (22). A more complicated situation exists
when the gate is aligned with the channel. 1In other words, when there
is no gate-to-source or gate-to-drain overlap. Without the advantage
of the vertical field at infinity, we must replace the simple auxiliary
conditions [Eq. (21) and (22)] by the more formal expressions

gate

<
]

dx + E d 25
g c(Exx yy) (25)

source

gate
Jc (Exdx + Eydy), (26)

drain

<
|

<
It

where c denotes any path between the electrodes. Of course, the inte-

grals are independent of the path chosen but depend upon the end points.

The solution to the problem of the aligned gate (or anything
other than the infinite gate) is somewhat more complicated, but never-
theless tractable; however, we shall follow Geurnst and pursue the

infinite gate solution.

An analytic function is completely specified within an arbi-
trary boundary on the complex plane if it is specified at all points on
the boundary. The general solution of the boundary value problem
specified by Eq. (18) through (24) is

I w- Az A A
F(w) = - — log + + + B. (27)
1

Examining Eq. (27) we can see that on the real axis it is real every-
where but in the space between Aj and Ay, where it becomes complex with
an imaginary part equal to [i&J. The remaining terms are strictly
real on the real axis.




e
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The remaining terms require some discussion. Any analytic
function that fits the boundary conditions is allowed and is acceptable,
provided it does not lead to unphysical effects. One certainly could
not object to a constant B, and we will see that it is needed. Func-
tions with poles e.g. {a;%—xyrlJ are analytic everywhere eﬁ?ept right at
the pole itself; however, anything but simple poles i.e. - would lead
to infinities in the field near region of the pole, and so must be
excluded. Since the electric field is related to our F(w) function in
a square root fashion, the simple pole will lead to a square root

singularity and that - integrable, so that the potentials remain finite

everywhere.

We have put poles at Al and Az on the real axis. These are
the only two places that one can have singularities since they are the
only transition points in the problem, the edges of the source and
semiconductor and the drain and semiconductor, respectively. The con-
stants Al and A2 are to be determined from the boundary conditions along

with B.

The constant A1 can be dispatched immediately. The point A

is the source-semiconductor edge. Since the supply of electrons from

1

the source is unlimited, we cannot have a field going to infinity there—
integrable or not. Otherwise we should have an infinite current. We
must therefore set

A, =0. (28)

With A1 = 0, we will ultimately get Ex = 0 at the source end of the
channel, whereas it becomes infinitely large at the drain end. The con-
ductivities at these two places are found to be infinitely large and

zero, respectively.

Applying Eq. (23) and (24) in these respective limits to
Eq. (27) we find )

=—— log—~-—+8B (29)
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and
Vv -V 2
——h——-g- =B. (30)

One more condition is needed completely to specify the solu-
tion. Keeping in mind the I is regarded as an independent constant
just as are A2 and B, until they are fitted to the input parameters, we
see in Eq. (29) and (30) that we have three constants and two equations.
The third condition is rather subtle. Considering the definition of the
current I in Eq. (7) and the boundary conditions Eq. (18) and (20) we
see that the boundary conditions are requiring the current in the form
of Eq. (7) to vanish on the metal electrodes. The strict boundary
condition in the pretransformed problem is Eq. (8), Ex = 0, But I can
also be zero if [Eg + Volh} is zero. We must ensure that we have only
Ex = 0 in our solution. This is accomplished by requiring that the
real part of F is always non-negative on the boundary. As Gernst shows,
there is a point on the gate or the drain electrode where the modified '
field vanish i.e.

v
E_ = [E + ——J =0 . (31)

The corresponding point, Moys in the transformed w space must correspond

to a minimum in the real part of F(w) and that

F(uo) =0. (32)
Differentiating the expression
w=- A A
-1 2 2
F(w) Ter log e 7\1 + = )\2 + B (33)

we get

Mo~ A2 - A2 //LI (34)
uo—xl Az-Al uem
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And using Eq. (32)

-1 o]
log + - +B=20, (35)
uem 110" )\1 H AZ

which is our third equation for the constants. Now combining Eq. (29),
(30), (34) and (35), we finally arrive at a transcendental equation
relating the current in the channel to the drain and gate voltages. By

defining the dimensionless quantities

j = (36)

-1. (37)

The equation takes the form

-1 _1

A 2 A 2 2

1y Ly, _1-n" |y} mLof,_1-n"} 7L n% _
log |l >‘2 0 l:l 3 :l +1 [l X l:l }-ﬁ- 3 0

(38)

A most interesting result here is that the ratio % enters as an inde-

pendent parameter. This may not occur in the case of an aligned gate.

Curves showing the dependence of j on n are taken from Geurst's
paper and are reproduced in Figure 2.6. We can rewrite these relation-

ships to show the dependence of I on (Vg,Vd) as

uE _ 2
I e (vg v)©3

v
d
v v - 1] . (39)
g o

Notice that the output impedance is related to the geometric factor
(h/L).




Comparison of these results with experimental measurements

shown in Figure 2.6 shows the correctness of the model. No detailed
fitting of this model to our experimental results has been carried out

as yet, however, we expect to do it sometime in the future.
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2.4.2 The Elemental Drive Circuit

There are numerous considerations that bear on the design and
operation of the TFT~EL display cell shown schematically in
Figure 2.7, and it is the purpose of this section to discuss the
more important of them. The cell design necessarily starts with the
electro-optical characteristics and electrical drive requirements of

the EL phosphor, which must be controlled by a power transistor,

C.qs
Tp’ of adequate cuiient capacity, voltage rating, and OFF resistance.

The storage capacitor, CS, which serves to hold the cell brightness

level constant between line refresh epochs, must be large enough to

prevent significant change in the gate voltage of Tp between refreshes,

yet small enough geometrically to fit within the confines of the display

cell. Again, the logic transistor, Tl’ must have high enough forward ]
conductance in the ON state to charge storage capacitor CS in a time
short compared to the line access time, while at the same time providing
sufficiently low leakage in the OFF state to allow the storage capacitor
to hold its charge over one frame period. Finally, it is desirable that
the control signals on the source and gate buses be at logic levels com-
parable to those used in ordinary CMOS integrated circuits, which

levels are also compatible with thin film transistor drive circuits.

In addition to these factors concerning the choice of characteristics of
components within the cell, the geometric design and layout of the cell
is further restricted by such considerations as stray capacitances
between pairs of elements within the cell and between cell nodes and

the semi-transparent EL excitation electrode which serves as the front
window of the display and which carries a relatively high ac voltage.
Voltages and currents induced in the cell and in the display matrix i
buses have important implications for the operation of the cell and ]
overall display, and consequently affect the design of driving circuits

peripheral to the display proper. Parasitic capacitances between the

front electrode and cell circuitry which have a direct bearing on the

operation of the cell are shown in Figure 2.7 as capacitors C-1 and
c-2.
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A typical voltage- and current-to-brightness relationship for
powder EL phosphor as used in the display cell is shown in Figure 2.8,
In this case a useful brightness level of 15 fL is achieved at 60 Vrms

and 30 UArms’ corresponding to 84 V . and 42 uApk. In the same figure

it will be noted that at a voltage igvel of 20 Vrms and 10 “Arms the
brightness is down by a factor of 100 to 0.15 fL. Characteristics of
the power transistor, Tp, must be consistent with these load parameters.
Logic and power tramsistor characteristics shown in Figure 2.8(a) and
2.8(b) are typical for transistors that have been designed into the
present panels. Referring to (b) and assuming that a forward voltage
drop of 2V is permissable in series with the EL element, it is apparent
that a forward bias of +8V on the gate of Tp will handle the 43 pA peak
current of the phosphor element, and that at a gate voltage of 0OV
appreciably less than 10 A will flow, satisfying the OFF condition for
the phosphor. Although this figure shows only the characteristics for
drain-to-source voltages of up to 15V, other measurements of these
characteristics show the zero bias or OFF state to continue at very low
current levels out to several hundred volts. Thus it will be seen that
a control voltage swing for the gate of Tp of 0 to +8V should be ade-
quate, neglecting changes in that voltage which might occur during a

frame time.

Choice of the capacitance CS starts with a knowledge of a
realistic leakage current or OFF current characteristic for the logic
transistor TQ, which governs the loss of charge on CS during the time
between successive refreshes or line-at-a-time addressing of a particular
line in the array. The characteristics as shown in (a) do not adequately
show the zero gate bias current or OFF current for this transistor.
However, measurements of many logic transistors show that an OFF current
of 1 nA (lO‘SA) is not difficult to obtain. Assuming a frame time of
0.017 seconds and an allowable voltage drift across Cs of 1V, the neces-

sary value of CS is given as

9

c, = 107°A x 0.017s / 1V = 17 pF.
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Figure 2.8(a) Characteristics of a typical logic transistor (Tp).
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Table 2.2 shows the capacitances of the different cell elements and
parasitics as labeled in Figure 2.7, as realized in the final cell
design. The storage capacitor CS with a capacitance of 15 pF would
allow slightly more than 1V drop in 0.017s at a TQ OFF current of 10—9A,
but this is easily allowed for by slightly increasing the span of the
impressed control voltage. 1In a fully populated DMD displayv, the 77 rows
of the display would allow a maximum of 0.22 mS for access to each line,
assuming a 60 Hz refresh rate. The ON resistance of TQ must be such

that the storage capacitor is charged in a time short compared to 0.2 mS.
Assuming that a 0.02 mS time constant would satisfy this requirement,

the ON resistance for TQ is given by

R =2x107s/1.5x10 M F=1.3x10%,

on,Tyg
corresponding to a forward current of 0.8 YA at a drain-source voltage
of 1V. This ON resistance is easily achieved by the transistor charac-
teristics shown in (a) for a gate voltage of +2V or greater. It is
easy to see that the logic transistor with the characteristics shown
could easily write the video information into the storage capacitor Cs
ten times faster than this, useful in writing a line during the flyback
period of conventional TV signals, by using a gate voltage of +4V to
+6V. This is important in the design of larger displays for use with

standard TV signals.

The 1 nA OFF current assumed as an upper limit for T’Q in some
cases has been shown to be conservative by two to three orders of
magnitude; if this were the only consideration in choosing the size of
Cs’ a substantially smaller value would be permissable in those situa-
tions. A further consideration, however, is the size of the induced
signal due to the parasitic capacitances C1 and C2 coupled from the
excitation voltage appearing on the front electrode of the display.
Table 2.2 gives representative values for those capacitances, which
depend on the area of the electrodes, the thickness and nature of the

dielectric layer, and the number of capacitor plates. In the present
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design, Cs uses three plates, the outer two being at ground and the
central one being the storage node. When the cell is 1lit, Tp is ON,
and because of its high conductance the ac voltage on its drain is

very small and the voltage coupled between drain and gate through para-
sitic capacitance Cl is negligible. In this case, the voltage couple

from the excitation source through parasitic capacitance C2 governs,

and is given by

3

[vcs} ac = Voxc X CZ/[Cs + Cz) zV,  xCy/C = 60x.023/15=1.5x 10

0.1v

[}

which is negligible compared to the control voltage range impressed on
Cs' When the element is OFF, the full ac excitation voltage appears

both at the front electrode and at the drain of Tp’ and so the induced

voltage is then given by

n

{VCS}ac = Vexc(cli-CZ}/(CS-+C14'C2} Vexc(C1+CZ)/Cs

{14

60V x 0.17/15

z 60V x 1.1x 1072
= 0.7V.

Again, this voltage is not appreciable compared to the range of voltage
needed to control the output device. However, if Cs were a factor of
ten or more smaller, which seems permissable if a lower leakage logic
transistor T£ were employed, these induced voltages on the gate of the
power transistor could be comparable to or surpass the range of the
control voltage needed on that gate and would appreciably influence the

design of the logic and addressing circuitry.

All of the foregoing discussion leaves out the question of
drifts of transistor thresholds, which would add to the range of control
voltage needed to maintain ON or OFF control of the display elements in
the presence of such drifts., It is felt that transistors with drifts
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sufficiently small that this factor can be disregarded are achievable,
and in addition, electronic means for accommodating a small range of
transistor threshold drift seems possible, as will be described in
Section 9.5.

It should be noted that because of the very high ON/OFF con-
ductance ratios provided by the TFT s, the current carrying capability
and useful transconductance can be varied over a rather large range by
varying channel length and width dimensions; in particular, the power
transistor could be made to turn ON and OFF with a smaller gate voltage
swing by use of a wider channel, permitting use of peripheral circuitry

at lower logic levels.
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TABLE 2.2

Display Element Capacitances

C it Area Capacitance

apacitor 103 uz (pF)

c, (storage) 124 15! j

C; (gate-drainm, T ) 1.25 0.15! ]
2

C2 (Vexc to gate, Tp) 32 0.023

C,o (EL element) 500 5.0° (10.0%)

'Dielectric is 5000, AL,0, (K= 8, C=0.12 pF/10° 1?)
2Dielectric is 37u Riston (K*3, C=7x107% pF/103u2)
Ipielectric is sprayed EL phosphor (C= 1.0x10"2 pF/103u2)

“Dielectric is brushed EL phosphor (C= 2.Ox10-2 pF/lO3u2)
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2.4.3 The Busbar Complex

In the TFT-EL display matrix, three sets of busbars are needed
to service the array of display cells, namely, the source busses, the gate
busses and the ground busses. In addition, a semi-transparent continuous
metal film outer electrode is used to supply EL excitation power. Since
the display is organized for line- or row-at-a-time addressing, the
bindary video information for each row of cells must be supplied by a
set of vertical busses, referred to as source busses, which connect to
the source electrodes of the logic transistors TQ (see Figure 2.7).

The gate electrodes of the logic transistors TQ for the row being
addressed are connected to a horizontal gute bus which is pulsed posi-
tively in sequence with the other gate busses to connect the storage
capacitors in that row to their respective source busses via the switch
or logic transistors, TQ. The ground return for the drain electrodes of
the power transistors Tp and for the ground electrode of the storage
capacitors Cs is furnished by a set of parallel ground busses which may
be oriented either vertically or horizontally; both orientations have
been employved iii this program, as shown in Figures 2.9 and 2.10.

A ground plane which would also provide electrostatic shielding between
circuit nodes and the high voltage ac excitation could also be used for
this function, and has been included in several conceptual circuit

designs and layouts.

In all addressable flat panel displays the busbar systems
including crossover insulation are a major consideration in the display
design, and must satisfy various criteria including minimal area, environ-
mental ruggedness, adequate current and voltage capacity, low resistance,
and low visual interference with the output medium. Frequently, semi-
transparent conductors are employed to satisfy the latter, and in the
present case of the TFT-EL display, a front or "window" electrode in the
form of a semi-transparent gold film is applied over the EL phosphor and i

is used to carry the ac excitation power.

The capacitances of the busses to each other and to circuit

elements have functional importance in the circuit operation, especially
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with respect to the peripheral drive circuitry, and must be considered
; during the analysis of circuit operation. In the TFT-EL display, the
busses and insulators are all thin films, and capacitive effects domi-
! nate with respect both to current loads and induced voltages. It
follows that voltage rates of rise, peak-to-peak excursions, and repe-
tition rates or operating frequencies determine the magnitudes of both
load and induced currents. In view of the small cross-section areas of
. these thin film conductors, bus resistance can become a problem, par-
ticularly in connection with EL excitation currents. The possibility of
long-term conductor deterioration from ion migration due to excessive
current densities, a problem often faced in conventional IC design,
does not appear in the present TFT-EL panels, since calculated peak

5

densities of 3 x 10 A/cm2 are far below the 107 A/cm2 degradation

threshold.

In evaluating the electrical performance of the bus system and }
in modifying the design to achieve satisfactory operation, a practical
and altogether suitable approach is to assess the magnitude of currents,
voltages and dissipations in a given or initial design, and then make ]
suitable changes in bus geometry and/or composition necessary. Worst
case conditions, such as all elements OFF or ON, or lines of elements
switching alternatively ON and OFF, are used to evaluate performance at
operational extrema. This approach has been used in the present program,

and the resulting bus system characteristics and performance are

described in Figures 2.11 and 2.12 along with the following four
tables. The major inter-bus and bus-to-circuit capacitances are indi-
cated in Figure 2.11 while Fig. 2.12 indicates the overall bus

layout and bus lengths. Table 2.3 lists resistive features of the

busses and Table 2.4 the capacitive characteristics.

In Table 2.5 is presented the resulting electrical per-
formance of this bus complex in terms of operating voltages and currents,
IR voltage drops, and IZR power dissipation in the busses. Bus
resistances measured on two substrates are roughly twice calculated

values, due principally to the fact that metallic films deposited in
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400R layers are apt to show higher than bulk resistivity used to obtain
the calculated value. Likewise, the thin gold semi-transparent excita-
tion electrode has a two to three times higher resistance per square

than calculated from its thickness and the bulk resistivity of gold.

Capacitive loading on the various busses is distributed on a
cell-by-cell basis, as Table 2.4 indicates, except for the bus-to-
excitation electrode capacitance which completes the loading. Thus, the
total capacitive load for the source bus, shown in 41 pF in Trble 2.4.3-3,

is comprised of the bus totals for C C6’ C7, C, given in Table 2.4.3-2

’
and is similarly for the gate and grzund busses.8 The planar EL excita-
tion electrode (last line of table), extending over the entire active
area of the substrate, realizes its maximum capacitance load when all
elements are ON, at which time the load consists of all the EL capaci-
tive elements in parallel. 1In Table 2.5 the operating conditions

assumed are typical of those used in the viewability exerciser. Voltage
drops, as well as dissipated power due to load currents are quite low,
except for the ground strap, which would consume about 0.45W for the case
of all elements lit, using a brushed phosphor. 1In this case, the
accompanying voltage drop of over 5V could cause a variation in cell
brightness in the vertical direction. For the usual case of 35% of the
elements lit as in an alphanumeric display, this loss would be reduced
8~fold to 56 mW in the ground strip bus. The total losses of all other
busses in the bus complex would then be only 14 mW. Use of a thicker
metal layer for the ground strap could reduce its losses to a negligi-

ble value.

The interaction of the busses due to their inter-capacitances
can give rise to rather large spurious voltages, if the impedance of
the driving or controlling circuitry is not sufficiently low.

Table 2,6 shows the currents or voltages that are induced to the

source and gate voltages if an infinite or zero, respectively, driver
impedance is assumed. These induced voltages arise from capacitive
division, the equivalent circuit being shown in Figure 2.13(a). Worst
cases are represented by lines 2,3,5 and 6 in the table, where voltages

of 10V and up would be induced into the busses if left floating (ZDR==w).
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The last column shows the maximum output impedance of the

driver circuit required to keep induced voltages below 1V. Where high

% impedance CMOS or TFT scanning circuits are used, these impedances may ; i
not be easily achieved. However, these worst case situations can be ' 4
avoided by appropriate control strategy, as is discussed below in 1

Section 9.5. For instance, if the horizontal scanner loads the video
signal onto the source busses sequentially rather than in tandem, line 4
of Table 2.6 would represent this case instead of line 5, and the

« voltage induced on a gate bus with high impedance driver would be only
0.2V instead of 17V. The case represented by line 2 of Table 2.6
namely all gate busses pulsed positively in parallel, is encountered 3

in operation of the ON-OFF exerciser described in Section 9.4, and pro-

vides design criteria for that exerciser. It does not occur, however, ¥

in normal operation of the display.

An extreme situation arises if gate and source busses are all
floating or have very high impedance drivers. The situation is as shown> ;
in Figure 2.13(b), where the capacitor labels refer to those of
Figure 2.11 and Table 2.6, and where the values assumed are those
for the array as a whole (last column in the table). The EL excitation
voltage Vel'couples to both gate and source busses with driver impedances
ZDR,G and ZDR,S which are high compared to the 5 kHz reactance of any of
the capacitances, i.e., much larger than 100 KQ per bus, or 2 K} per
array. As a result, neither drive set serves to hold down the voltage
induced, and so the rel